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Abstract 


Application  of  Inkjet-Printing  Technology  to  Micro-Electro-Mechanical  Systems 

by 

Eung  Seok  Park 

Doctor  of  Philosophy  in  Engineering  -  Electrical  Engineering  and  Computer  Sciences 

University  of  California,  Berkeley 
Professor  Tsu-Jae  King  Liu,  Co-chair 
Professor  Vivek  Subramanian,  Co-chair 


Printed  electronics  employing  solution-processed  materials  is  considered  to  be  the  key  to 
realizing  low-cost  large- area  electronic  systems,  but  the  performance  of  printed  transistors  is 
not  generally  adequate  for  most  intended  applications  due  to  limited  performance  of  print¬ 
able  semiconductors.  In  this  dissertation,  I  propose  an  alternative  approach  of  a  printed 
switch,  where  the  use  of  semiconductors  can  be  avoided  by  building  mechanical  switches 
with  printed  metal  nanoparticles.  I  provide  the  hrst  demonstration  of  inkjet-printed  micro- 
electro-mechanical  (MEM)  switches  with  abrupt  switching  characteristics,  very  low  on-state 
resistance  (  10  U),  and  nearly  perfect  off-state  behavior  with  immeasurable  leakage  with 
on/off  current  ratio  of  10^.  The  devices  are  fabricated  using  a  novel  process  scheme  to  build 
3-dimensional  cantilever  structures  from  solution-processed  metallic  nanoparticles  and  sac- 
rihcial  polymers.  These  printed  MEM  switches  thus  represent  a  uniquely  attractive  path  for 
realizing  printed  electronics.  I  will  also  discuss  an  inkjet-printed  microshell  encapsulation  as 
a  new  zero-level  packaging  technology.  Inkjet-printing  of  silver  nanoparticle  ink  is  demon¬ 
strated  to  form  porous  microshells  through  which  sacrificial  oxide  can  be  selectively  removed 
to  release  MEMS  structures.  A  second  inkjet  printing  process  using  hner  gold  nanoparti¬ 
cle  ink  or  polymer  is  demonstrated  to  effectively  seal  the  microshells.  This  inkjet-printed 
microshell  encapsulation  technology  is  successfully  applied  to  a  MEM  relay,  and  is  demon¬ 
strated  to  mitigate  the  issue  of  contact  oxidation.  Specifically,  the  stability  of  the  relay 
ON-state  resistance  is  dramatically  improved  by  more  than  a  factor  of  100. 
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Chapter  1 
Introduction 


1.1  Inkjet  Printing  Technology 

Printed  electronics  have  observed  rapid  progress  over  the  last  decade  due  to  the  development 
of  both  printing  technology  and  the  required  printable  solution-processed  materials.  There 
are  various  printing  technologies  available  such  as  inkjet-printing,  gravure  printing,  screen 
printing,  offset  lithography  and  flexography.  The  basic  principle  of  printing  is  the  transfer 
of  patterns,  via  a  vehicle  of  liquid  ink  from  a  pre-patterned  master  set  to  a  target  substrate. 
Inkjet  printing  has  a  unique  characteristic  in  this  regard,  as  it  has  the  capability  of  direct 
writing  without  any  predefined  master  pattern;  it  can  deposit  ink  to  any  arbitrary  positions 
on  the  substrate  by  means  of  precisely  controlled  movable  nozzles  and  a  plate  on  which 
substrates  are  loaded. 

Originally  invented  as  a  technology  to  record  information  by  deposition  of  ink  on  paper, 
the  inkjet  printing  technology  has  been  transformed  into  a  fabrication  method  to  build  elec¬ 
tron  devices  with  development  of  printable  materials.  Especially,  solution-processed  semicon¬ 
ductor  polymers  and  metals  have  great  impact  on  both  the  processability  and  performance  of 
printed  electronic  devices.  One  of  the  fundamental  devices  fabricated  in  the  held  of  printed 
electronics  is  a  thin-fllm  transistor  (TFT).  Probably  the  biggest  driving  force  behind  the 
research  effort  on  developing  the  printed  TFTs  using  solution-processed  materials  is  the  ca¬ 
pability  of  making  flexible  electronics  with  lower  cost.  For  example,  TFTs  are  universally 
used  as  switching  devices  for  the  pixels  in  active  matrix  liquid  crystal  displays  (AMLCDs)  [1, 
2,  3]  (See  Fig.  1.1).  To  lower  the  display  module  cost,  it  is  also  desirable  to  fabricate  the 
display  row  driver  circuitry  monolithically  on  the  panel  in  the  regions  peripheral  to  the  pixel 
array.  For  a  video  display,  the  switches  in  the  row  driver  circuitry  must  operate  at  a  fre¬ 
quency  >  100  /cHz  to  implement  the  shift  registers.  As  demand  grows  for  large-area  displays 
(business  TVs,  electronic  bulletin  boards,  signage,  etc.)  and  flexible  displays,  lower-cost 
approaches  to  manufacturing  switches  on  large- area  substrates  will  be  needed. 

Recently,  inkjet-printed  TFTs  have  been  demonstrated  as  pixel  switches  for  AMLCDs  [4, 
5,  6]  due  to  their  potentially  low  cost  and  compatibility  with  flexible  substrates.  Although 
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Figure  1.1:  Basic  circuit  diagram  for  an  active  matrix  liquid  crystal  display,  (a)  Each  pixel 
has  one  switching  device  (Tp)  that  is  turned  on  by  the  row  driver  circuitry  to  charge  the 
storage  capacitor  (C's)  and  liquid  crystal  capacitor  (Clc)  to  the  data  line  voltage,  (b)  Circuit 
schematic  for  one  stage  of  a  shift-register,  which  can  be  implemented  with  TFTs  or  printed 
MEM  switches  directly  on  the  display  panel. 


the  performance  of  printed  TETs  has  improved  steadily  with  the  development  of  improved 
printable  semiconductor  materials,  their  performance  generally  is  inferior  to  that  of  conven¬ 
tional  silicon  TFTs  fabricated  by  planar  processing  techniques. 

Therefore,  printed  electronics  needs  to  overcome  a  barrier  in  order  to  be  successfully 
applied  to  commercialization  of  flexible  electronics:  degradation  of  performance  in  solution- 
processed  semiconductors.  The  performance  of  semiconductor  materials  depends  on  the 
method  in  which  they  were  deposited  on  substrate,  and  the  conventional  vacuum-deposition 
method  has  unmatched  performance  compared  to  solution-processed  deposition  methods. 
The  effective  carrier  mobility  is  one  of  the  most  important  parameters  which  can  be  used 
to  characterize  TFT  performance.  Figure  1.2  shows  selected  values  of  the  highest  effective 
carrier  mobility  of  solution-processed  semiconductor  polymers  reported  in  the  literature  in 
the  year  between  1986  and  2005  summarized  in  Ref.  [7].  Although  there  has  been  tremendous 
progress  in  recent  years  due  to  active  research  efforts,  it  is  clear  that  the  devices  fabricated 
using  solution-processed  materials/methods  have  performances  still  inferior  to  the  ones  made 
using  the  conventional  vacuum-deposited  method.  It  is  in  this  context  that  new  switching 
devices  can  be  a  promising  alternative  to  the  thin- film  transistors. 


1.2  Printed  Mechanical  Switches 

In  the  silicon  industry,  micro-electro-mechanical  systems  (MEMS)  have  been  developed  to 
provide  superior  performance  in  specific  applications  over  their  conventional  solid-state  coun¬ 
terparts.  And  recently,  they  are  also  gaining  attraction  as  potentially  promising  alternatives 
even  for  digital  logic  applications,  as  the  incremental  benefits  from  scaling  of  CMOS  tran- 
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Point  No. 

Material 

Mobility  (cm^/Vs) 

Deposition 

Reference 

1 

polyttiiophene 

10-^ 

s 

[8] 

2 

phthalocyanine 

10-3 

V 

[9] 

3 

polyacetylene 

10-^ 

s 

[10] 

4 

poly(3-hexylthiophene) 

10“^ 

s 

[11] 

5 

poly(3-hexylthiophene) 

0.001 

s 

[12] 

6 

a  —  cj-hexathiophene 

0.001 

V 

[13] 

7 

a  —  cj-hexathiophene 

0.0272 

V 

[13] 

8 

pentacene 

0.002 

V 

[14] 

9 

a  —  (u-di-hexyl-hexathiophene 

0.05 

V 

[15] 

10 

a  —  (u-di-hexyl-hexathiophene 

0.06 

V 

[16] 

11 

a  —  cj-hexathiophene 

0.03 

V 

[17] 

12 

pentacene 

0.038 

V 

[18] 

13 

C60 

0.3 

V 

[19] 

14 

phthalocyanine 

0.02 

V 

[20] 

15 

poly(3-hexylthiophene) 

0.045 

s 

[21] 

16 

a  —  (u-di-hexyl-hexathiophene 

0.13 

V 

[22] 

17 

pentacene 

0.62 

V 

[23] 

18 

pentacene 

1.5 

V 

[24] 

19 

bis  (dithienothiophene) 

0.05 

V 

[25] 

20 

bis  (dithienothiophene) 

0.1 

s 

[26] 

21 

a  —  (u-di-hexyl-hexathiophene 

0.23 

V 

[27] 

22 

dihexyl-  anthr  adithiophene 

0.15 

V 

[28] 

23 

a  —  w-dihexyl-quinquethiophene 

0.1 

s 

[29] 

24 

pentacene 

3 

V 

[30] 

25 

CuPc 

0.001 

V 

[31] 

26 

PCBM 

0.002 

s 

[32] 

27 

pentacene 

3.3 

V 

[33] 

28 

poly  ( 3-hexy  Ithiophene) 

0.73 

s 

[34] 

29 

PCBM 

0.02 

s 

[35] 

30 

poly(3-hexylthiophene) 

0.1 

s 

[36] 

31 

PCBM 

0.01 

s 

[37] 

32 

C60 

6 

V 

[38] 

33 

C60MC12 

0.06 

s 

[39] 

34 

PCBM 

0.02 

s 

[40] 

35 

thieno[2, 3  —  6]  thiophene 

0.15 

s 

[40] 

Table  1.1:  Reported  effective  carrier  mobility  values  of  solution-processed  semiconductor 
polymers  in  literature  in  Fig.  1.2 
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Figure  1.2:  Effective  carrier  mobility  values  reported  in  the  literature  between  1986  and  2005. 
After  Ref.  [7].  Indicated  numbers  on  the  markers  represent  the  point  number  in  Table  1.1  to 
find  the  source  data  from  the  References. 


sistors  are  diminishing.  MEM  relays  have  been  proposed  as  a  lower-power  alternative  to 
conventional  CMOS  devices  [41].  A  similar  approach  can  be  considered  in  printed  electron¬ 
ics,  which  can  be  even  more  beneficial  in  this  case  since  the  performance  of  the  solid-state 
printed  TETs  is  not  yet  matured  compared  to  that  of  Si-based  TETs.  In  fact,  there  has  been 
research  on  realization  of  MEM  structures  using  printed  technology.  The  first  attempt  to  de¬ 
velop  printed  MEMS  was  made  by  Fuller  and  co-workers  in  2002  [42] ,  where  they  introduced 
the  concept  of  building  three-dimensional  MEMS  using  inkjet-printing  metal  nanoparticles 
and  demonstrated  resonant  inductive  coils,  electrostatic-drive  motors,  and  electrothermal 
actuators.  It  was  the  first  work  on  fabrication  of  printed  MEMS.  The  structures  demon¬ 
strated  were  built  using  additive  processes  only,  without  employing  any  sacrificial  materials, 
although  they  hinted  at  the  necessity  of  using  a  sacrificial  layer.  After  their  promising  ini¬ 
tial  work,  research  on  developing  the  fabrication  process  of  printed  MEMS  was  carried  out 
by  many  other  groups.  Wilhelm  and  co-workers  demonstrated  actuators  fabricated  using 
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an  offset  liquid  embossing  technique  [43].  Although  this  was  not  done  using  inkjet  printing 
techniques,  solution-processed  nanoparticles  were  used  as  a  structural  material  together  with 
polyimide,  which  also  acted  as  a  sacrificial  material.  Nakano  and  co-workers  have  employed 
inkjet-printing  to  fabricate  MEM  switches  [44],  where  they  inkjet-printed  silver  nanoparti¬ 
cles  as  signal  and  control  electrodes  on  a  polyimide  substrate.  Via-holes  were  formed  by  a 
punching  machine  and  two  separate  terminals  were  prepared  and  attached  together  using 
adhesive  to  form  a  cantilever-type  switch.  The  structures  are  flexible  due  to  plastic  ma¬ 
terials  (polyimide  and  parylene)  employed  as  a  substrate  and  structural  layer.  A  similar 
approach  has  been  employed  to  fabricate  a  complementary  MEM  switches  from  the  same 
research  group  [45] ,  where  a  cantilever-type  polyimide  beam  can  be  electrostatically  actuated 
by  two  actuating  electrodes  (bias  and  ground  electrode).  The  demonstrated  printed  MEM 
switch  was  targeted  to  act  as  a  complementary  digital  logic  device  and  inverter  operation 
was  successfully  performed  at  60  V  with  switching  delays  in  the  range  of  few  milliseconds. 
The  large  operating  voltage  and  switching  delay  come  from  the  fact  the  actuation  gap  was 
defined  by  thick  adhesive  (~  12  jum),  which  was  used  to  stack  multiple  terminals  together 
manually.  Although  these  works  suggest  that  building  three-dimensional  structures  using 
solution-processed  nanoparticles  and  polymer  can  be  achievable  by  printing,  anchor  forma¬ 
tion  was  done  manually  using  adhesives,  which  may  limit  processability.  More  recently,  Lam 
and  co-workers  demonstrated  a  cantilever  structure  fabricated  using  inkjet-printed  silver 
nanoparticles  as  a  structural  material  and  Poly(methyl  methacrylate)  (PMMA)  as  a  sacrifi¬ 
cial  material  [46].  Both  the  silver  nanoparticles  and  PMMA  were  inkjet-printed,  where  the 
PMMA  was  patterned  into  a  “mold”  structure  so  that  the  printed  silver  inks  can  be  confined 
inside.  A  cantilever-beam  structure  was  successfully  obtained  after  trimming  out  “undesired 
rims”  formed  across  the  PMMA  barrier  using  a  laser  milling  tool.  This  laser  milling  process 
was  further  employed  to  define  finer  patterns  such  as  holes  and  flexures,  and  an  accelerometer 
structure  was  implemented.  It  is  a  meaningful  result  in  that  it  demonstrated  the  cantilever 
structure  was  successfully  fabricated  from  solution-processed  materials.  However,  they  had 
to  rely  on  laser  trimming  to  define  the  cantilever  beam  after  the  completion  of  printing. 
Moreover,  the  cantilever  structure  did  not  have  an  actuation  component  to  achieve  any 
functionality. 

All  of  the  previous  works  on  fabrication  of  printed  MEMS  form  the  basis  for  the  work 
in  this  dissertation.  The  purpose  of  this  work  is  to  develop  a  fabrication  process  to  build 
electrically  functional  MEM  switches  using  inkjet-printing  technique  with  precisely  defined 
structures  such  as  a  controlled  actuation  gap  size  and  a  controlled  shape  of  the  cantilever 
beam. 


1.3  Microshell  Encapsulation 

As  stated  earlier  in  this  chapter,  MEM  relays  can  be  a  promising  alternative  to  transistors 
for  low-power  logic  device  applications.  Previously,  MEM  relays  were  fabricated  using  con¬ 
ventional  surface  micromachining  processes  [41].  Eignre  1.3  shows  an  example  of  this  type  of 
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MEM  relay  device.  The  movable  gate  electrode,  suspended  by  folded-flexure  beams,  can  be 
electrostatically  actuated  so  that  the  channel  electrode  attached  on  the  bottom  of  the  gate 
can  connect  the  source/drain  electrode  electrically  when  the  relay  is  turned  on  (Fig.  1.3(c)). 
In  the  OFF-state,  the  channel  is  separated  from  the  source/drain  electrode  via  air  gap  and 
thus  no  leakage  current  flows  (Fig.  1.3(b)).  This  provides  ideal  abrupt  switching  behavior 
which  is  beneficial  in  terms  of  power  consumption  since  OFF-state  leakage  current  can  be 
effectively  suppressed. 


Figure  1.3:  Schematic  illustration  of  an  example  of  MEM  relay  device. 


The  contacting  electrode  (channel  and  source/drain  electrodes)  material  is  tungsten  (IT) 
to  take  advantage  of  its  mechanical  hardness,  which  reduces  physical  wear  and  micro- welding 
during  the  operation  of  the  relays.  A  drawback  of  using  W  as  contacting  material  comes 
from  the  fact  that  it  oxidizes  easily  in  the  presence  of  oxygen,  and  its  electrical  conductivity 
severely  degrades  once  it  is  oxidized  in  the  course  of  switching  operation.  This  degrades  the 
performance  of  the  relays  since  the  equivalent  resistance  of  the  relay  in  the  ON-state  (i?oN) 
should  be  maintained  below  ~  10  kfl  in  order  to  be  applicable  in  logic  applications.  To 
enhance  the  contact  stability,  a  hermetic  package  is  required. 

In  general,  MEMS  devices  have  more  complex  configuration  than  conventional  integrated 
circuits  (IC)  devices  because  they  contain  mechanical,  chemical,  or  fluidic  components  in 
addition  to  electrical  parts.  These  sensitive  components  should  be  properly  protected  and 
sometimes  sealed  in  controlled  environments,  such  as  high  vacuum  or  oxygen- free  ambient, 
in  order  for  them  to  perform  the  intended  functions.  Therefore,  it  is  important  to  provide 
the  MEMS  devices  with  proper  packaging.  It  is  also  important  to  consider  the  cost  efficiency 
when  developing  MEMS  packaging,  since  it  may  take  50  -  70%  of  total  cost  for  commer¬ 
cial  MEMS  products  [47]  due  to  its  nature  of  low  volume  production  and  complex  interface 
to  non-electrical  components.  Although  some  packaging  technologies  can  be  adopted  from 
IC  counterparts,  a  different  approach  is  often  necessary  in  order  to  treat  MEMS-specific 
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non-electrical  components.  MEMS  packaging  technology  can  be  categorized  into  two  types: 
zero-level  packaging  and  first-level  packaging  [48] .  Zero- level  packaging,  also  known  as  wafer- 
level  packaging,  is  a  process  scheme  where  packaging  can  be  applied  monolithically  with 
device  fabrication.  Since  it  is  applied  as  part  of  the  integrated  fabrication  process,  devices 
can  be  protected  from  possible  damage  or  contamination  that  can  occur  at  subsequent  pro¬ 
cessing  steps,  which  provides  for  flexibility  in  post-processing.  On  the  other  hand,  first-level 
packaging  process  starts  after  the  device  fabrication  has  been  completed.  This  scheme  can 
be  applied  to  a  wide  range  of  MEMS  device  structures  because  of  its  post-processing  nature, 
which  is  beneficial  in  terms  of  general  applicability.  Since  the  components  of  the  packaging 
chip,  for  example,  ceramic  holder  and  sealing  lid,  are  relatively  expensive,  the  cost  of  this 
type  of  packaging  can  be  justified  only  for  certain  applications,  such  as  telecommunications 
base  stataions,  satellites  and  defense  systems  [48]. 

1.4  Printed  Microshell  Encapsulation 

In  this  thesis,  a  fabrication  process  was  developed  to  provide  MEMS  devices  with  microshell 
encapsulation  packaging,  one  type  of  zero-level  packaging,  using  inkjet  printing.  Inkjet- 
printed  nanoparticle  films  have  been  employed  to  as  the  structural  and  sealing  layers  for 
microshell  encapsulation.  Advantages  of  using  inkjet-printing  technology  in  packaging  ap¬ 
plications  stem  from  its  inherent  low-temperature  and  low-cost  process.  Considering  that 
packaging  may  account  for  a  large  portion  of  the  process  cost  in  MEMS,  cost-effective  pro¬ 
cessing  is  a  great  benefit.  Since  the  packaging  process  is  applied  at  the  end  of  the  MEMS 
device  fabrication,  it  is  also  beneficial  to  be  able  to  lower  the  process  temperature  to  minimize 
any  accidental  impact  on  the  completed  MEMS  devices  from  thermal  treatment.  Sintering  of 
printed  nanoparticle  films  can  be  performed  at  relatively  low  temperature,  usually  between 
100°C  and  300°C,  due  to  its  enhanced  surface-to- volume  ratio  [49],  so  that  a  packaging 
process  employing  printed  nanoparticle  films  can  be  CMOS-compatible. 

Specifically,  one  of  the  important  process  requirements  in  microshell  encapsulation  pack¬ 
age  is  the  property  of  the  structural  layers.  The  structural  layer  should  be  permeable  to  the 
selected  etchant  since  the  encapsulated  sacrificial  material  must  be  removed  after  the  struc¬ 
tural  layer  is  deposited  to  cover  them.  The  structural  material  should  also  provide  sufficient 
mechanical  strength  to  avoid  structural  collapse  after  the  sacrificial  layer  is  removed  and 
cavity  is  formed.  On  the  other  hand,  the  structural  layer  should  be  dense  enough  to  prevent 
sealant  from  penetrating  through  the  structural  layer  and  being  deposited  on  the  encapsu¬ 
lated  devices,  which  can  accidently  alter  electrical  or  mechanical  behavior  of  the  packaged 
devices.  In  this  thesis,  it  will  be  shown  that  the  printed  nanoparticle  films  can  satisfy  these 
rather  strict  requirements  for  the  microshell  materials  by  demonstrating  that  the  developed 
printed  microshell  encapsulation  process  can  be  successfully  integrated  to  MEM  relays  and 
their  contact  stability  can  be  enhanced. 
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1.5  Dissertation  Outline 

In  Chapter  2,  basic  principles  required  to  study  inkjet-printing  technology  and  MEM  struc¬ 
tures  are  presented. 

In  Chapter  3,  inkjet-printed  micro-electro-mechanical  (MEM)  switches  are  presented  that 
can  deliver  abrupt  switching  characteristics,  very  low  on-state  resistance  10  0),  and  nearly 
perfect  off-state  behavior  with  on/off  current  ratio  of  10^,  which  can  be  used  to  implement 
complementary  logic  functions.  The  devices  are  fabricated  using  a  novel  process  scheme  to 
build  3-dimensional  cantilever  structures  from  solution-processed  metallic  nanoparticles  and 
sacrificial  polymers.  These  printed  MEM  switches  thus  represent  a  uniquely  attractive  path 
for  realizing  printed  electronics. 

In  Chapter  4,  further  optimizations  of  the  printed  MEM  switch  process  are  presented  in 
order  to  reduce  the  power  consumption  of  the  device  and  to  suppress  performance  variations. 
Reducing  the  operating  voltage  by  scaling  the  device  is  of  interest  in  this  regard,  which  may 
also  lead  to  a  broader  range  of  applications.  More  in  depth  study  on  the  process  would 
be  necessary  for  this  purpose.  In  this  chapter,  various  process-related  issues  are  studied  to 
further  optimize  both  the  process  and  the  performance  of  the  device. 

In  Chapter  5,  a  low-thermal  budget  (<  300°C)  microshell  encapsulation  process  using 
inkjet-printed  nanoparticle  inks  is  presented.  For  microshell  encapsulation  applications,  it  is 
advantageous  that  the  porosity  of  such  printed  nanoparticle  films  can  be  controlled  by  the 
size  and  structure  of  the  nanoparticles  and  sintering  conditions.  Furthermore,  the  sintering 
temperature  is  usually  low  enough  such  that  the  entire  process  is  CMOS  compatible. 

In  Chapter  6,  the  inkjet-printed  microshell  encapsulation  described  in  Chapter  5  is  em¬ 
ployed  to  provide  MEM  relays  with  a  hermetic  package  for  improved  contact  stability.  The 
CMOS-compatible  process  (due  to  its  low  thermal  budget)  has  successfully  been  applied  and 
the  MEM  relay  contact  resistance  stability  was  enhanced  by  ~  lOOx. 

Chapter  7  summarizes  the  key  results  and  contributions  of  this  dissertation;  future  di¬ 
rections  are  also  suggested. 
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Chapter  2 

Physical  Background 


2.1  Basic  Principles  of  Inkjet  Printing 

Inkjet  printing  technology  has  experienced  a  great  amount  of  progress  in  recent  years,  espe¬ 
cially  as  a  novel  method  for  fabrication  of  electrical  components.  Accumulated  knowledge 
through  active  research  enabled  deeper  understanding  and  developing  of  printed  electronics. 
In  this  section,  the  basic  principles  of  inkjet  printing  technology  are  addressed  to  understand 
the  underlying  operation  of  inkjet  printing  technology,  which  was  used  as  a  main  vehicle  to 
realize  devices  and  structures  in  this  dissertation. 

Inkjet  printing  is  one  of  several  printing  technologies  that  can  be  used  as  an  additive 
fabrication  technology  using  solution-processed  materials.  The  target  of  the  inkjet  printing 
is  to  deposit  the  selected  material  onto  a  substrate  with  required  precision  in  a  reliable  way. 

2.1.1  Drop-on-Demand  Nozzle 

There  are  largely  two  types  of  nozzles  used  for  drop-on-demand  (DOD)  type  of  inkjet  print¬ 
ing,  where  drops  were  generated  and  jetted  when  necessary  as  opposed  to  making  a  contin¬ 
uous  flow  of  droplets.  Thermal  inkjet  (TIJ)  nozzle  employs  a  resistive  heating  element  that 
is  in  contact  with  the  liquid  ink  in  order  to  thermally  generate  a  bubble  nearby,  which  in 
turn  induces  volume  expansion  of  the  liquid  ink  inside  the  nozzle  [1,  2]  (See  Figure  2.1(a)). 
It  is  relatively  straightforward  to  fabricate  this  type  of  nozzles  since  the  required  resistive 
heater  can  be  made  using  a  conventional  multi-layer  process  using  standard  surface  micro¬ 
machining  techniques.  The  drawbacks  of  TIJ  nozzles  come  from  the  fact  that  the  solvent  of 
the  ink  needs  to  be  heat-compatible,  which  may  limit  the  range  of  solvent  that  can  be  used. 
For  example,  most  bio-compatible  materials  are  not  able  to  endure  such  thermal  treatment. 
Piezoelectric  nozzles,  on  the  other  hand,  exploit  mechanical  expansion  controlled  electrically 
and  control  the  volume  of  the  nozzle  by  applying  a  voltage  pulse  signal  [3,  4]  (See  Fig¬ 
ure  2.1(b)).  Therefore,  it  allows  more  flexibility  in  solvent  choice,  which  made  it  become 
dominant  in  inkjet  printing.  Droplet  formation  process  will  be  described  in  the  following 
section,  for  the  case  of  the  piezoelectric  nozzle. 
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(a) 

Heat  resistor 


(b) 

Piezoelectric  actuator 


Figure  2.1:  Schematic  illustration  of  drop-on-demand  nozzles,  (a)  Thermal  inkjet  (TIJ) 
nozzle  employs  a  resistive  heating  element  that  is  in  contact  with  the  liquid  ink  in  order  to 
thermally  generate  bubbles  nearby,  which  in  turn  induces  volume  expansion  of  the  liquid  ink 
inside  the  nozzle,  (b)  Piezoelectric  nozzles  exploit  mechanical  expansion  controlled  electri¬ 
cally  and  control  the  volume  of  the  nozzle  by  applying  a  voltage  pulse  signal.  Figures  drawn 
after  Ref.  [2]  and  [4],  respectively. 

2.1.2  Drop  Formation 

The  drop  formation  consists  of  different  steps,  which  incorporate  the  transfer  of  energy 
from  the  liquid  inside  the  nozzle  to  the  generated  drop.  The  basic  principles  of  the  droplet 
formation  are  briefly  described  here. 

A  schematic  diagram  illustrating  the  drop  formation  process  steps  in  sequence  as  a  re¬ 
sponse  to  the  applied  voltage  pulse  on  the  nozzle  is  shown  in  Fig.  2.2  [5].  The  liquid  inside  the 
nozzle  remains  in  an  equilibrium  state  before  voltage  is  applied  to  the  piezoelectric  actuator 
(Fig.  2.2(a)).  Upon  applying  a  positive  voltage  pulse,  the  liquid  starts  to  flow  out  of  the 
nozzle  due  to  the  volume  contraction  of  the  nozzle  (Fig.  2.2(b)).  Kinetic  energy  transferred 
from  the  inside  of  the  nozzle  keeps  accumulating  at  the  extruded  volume  of  the  liquid  on 
the  outside  of  the  nozzle  (Fig.  2.2(c)).  A  droplet  is  then  separated  from  this  volume  of 
liquid  upon  the  accumulated  energy  increasing  beyond  a  threshold  value,  and  the  energy 
is  transferred  into  both  kinetic  energy  and  surface  energy  of  this  newly  generated  droplet 
(Fig.  2.2(d)).  The  generated  droplet  flies  to  the  substrate,  while  the  remaining  liquid  now  re- 
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tracts  into  the  nozzle  as  a  response  to  the  negative  voltage  pulse  (Fig.  2.2(e)).  It  is  important 
to  optimize  the  positive  pulse  duration  such  that  the  positive  pulse  ends  at  the  point  when 
the  maximum  velocity  is  obtained.  An  excessive  value  of  positive  pulse  duration  may  cause 
generation  of  multiple  droplets,  rather  than  a  single  one,  or  formation  of  air  bubbles  during 
the  retraction  process.  Next,  refilling  of  the  nozzle  from  the  ink  supply  occurs.  Figure  2.3 
shows  a  micrograph  of  drop  formation  from  the  piezoelectric  nozzles  used  in  this  work. 


(a)  (b)  (c)  (d)  (e) 


Figure  2.2:  Schematic  illustration  of  the  drop  formation  process  steps  in  sequence,  (a)  The 
liquid  inside  the  nozzle  remains  in  equilibrium  state,  (b)  Upon  applying  positive  voltage 
pulse,  the  liquid  starts  to  fiow  out  of  the  nozzle  due  to  the  volume  contraction  of  the  nozzle, 
(c)  Kinetic  energy  transferred  from  the  inside  of  the  nozzle  accumulates  in  the  extruded 
volume  of  the  liquid  on  the  outside  of  the  nozzle,  (d)  A  droplet  is  separated  from  the 
liquid  when  the  accumulated  energy  increases  beyond  a  threshold  value,  and  the  energy  is 
transferred  into  both  kinetic  energy  and  surface  energy  of  this  newly  generated  droplet,  (e) 
The  generated  droplet  flies  to  the  substrate,  while  the  remaining  liquid  now  retracts  into  the 
nozzle  in  response  to  the  negative  voltage  pulse.  Figure  is  drawn  after  Ref.  [5]. 


The  physical  properties  that  determine  the  formation  and  jetting  of  the  droplets  are 
surface  tension,  viscosity,  and  inertia  of  the  liquid  ink.  Various  dimensionless  parameters 
have  been  defined  to  take  into  account  of  effects  on  the  fluid  from  these  properties;  Reynolds 
number  Re,  Weber  number  We,  and  Ohnesorge  number  Oh  are  defined  as  follows. 

Reynolds  number  was  developed  to  relate  inertia  and  viscous  force,  defined  as: 


Re 


pdV 

V 


(2.1) 


where  p  is  the  density,  V  is  velocity,  p  is  viscosity  of  the  fluid,  and  d  is  a  characteristic 
length.  The  Weber  number  relates  inertia  and  surface  tension,  defined  as: 
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Figure  2.3:  Micrographs  of  drop  formation  from  the  piezoelectric  nozzles  used  in  this  work, 
(a)  Dimatix  Cartridge  (FujiFilm)  and  (b)  Microfab  nozzle 


We  = 


pdV^ 

a 


(2.2) 


where  a  is  the  surface  tension.  Finally,  the  Ohnesorge  number  can  be  defined  using  these 
two  numbers  to  eliminate  the  effect  of  velocity: 


Re  Yapd 

Therefore,  Oh  can  be  used  to  characterize  the  jetting/formation  of  the  droplet  based  on 
the  physical  properties  only,  independent  of  the  dynamic  condition  in  which  the  droplet  is 
generated  or  moving.  Large  value  of  Ohnesorge  number  (Oh  >  1)  represents  the  case  where 
the  behavior  of  the  fluid  is  dominated  by  viscosity  and  droplet  generation  can  be  hindered 
by  large  viscous  force.  On  the  other  hand,  small  value  of  Ohnesorge  number  (Oh  <  0.1) 
represents  the  case  where  drop  formation  may  become  unstable  due  to  excessive  generation 
of  satellite  droplets.  In  some  cases,  the  inverse  of  Ohnesorge  number  Z  =  1/Oh  is  used  to 
characterize  the  formation  or  behavior  of  droplets  [6]. 


2.1.3  Reliability  of  Nozzles 

It  is  important  for  the  nozzles  to  generate  droplets  in  a  reliable  and  stable  manner.  The 
physical  properties  of  the  generated  droplets,  such  as  size  and  velocity,  should  be  controlled 
to  be  consistent  during  operation.  Additionally,  the  nature  of  the  DOD  nozzle  implies 
that  there  is  an  idle  period  when  the  nozzle  is  not  generating  any  droplets  even  during  the 
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operation,  and  therefore  it  is  necessary  to  have  some  methods  to  keep  the  nozzle  in  a  stable 
condition  to  avoid  a  failure  in  jetting  (See  Figure  2.4). 


Figure  2.4:  Micrograph  of  a  piezoelectric  nozzle  printing  a  pattern  with  missing  lines  due  to 
jet  instability. 


2.1.4  Contact  Angle 

The  jetted  drop  flies  to  the  substrate  and  makes  a  contact  with  a  substrate.  Upon  making 
a  contact  with  a  solid  substrate,  the  liquid  forms  its  shape  to  minimize  its  energy.  It  is 
after  three  important  forces  balance  out  that  the  liquid  is  stabilized  to  reach  an  equilibrium 
contact  angle  (^e);  the  surface  energy  between  the  liquid  and  the  vapor  environment  (7lv)) 
the  surface  energy  between  the  solid  substrate  and  the  vapor  environment  (qsv),  and  the 
surface  energy  between  the  liquid  and  the  solid  substrate  (7ls)  (See  Fig.  2.5).  The  balance 
among  these  surface  energies  can  be  represented  by  the  Young  equation  [7]  through  9e'. 


7sv  =  7ls  +  7lv  cos  9e 


(2.4) 
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Figure  2.5:  Schematic  illustration  of  force  balance  for  a  droplet  in  equilibrium. 


The  wetting  of  a  liquid  on  a  substrate  is  often  characterized  by  the  contact  angle,  9e,  that 
forms  between  the  droplet  and  the  substrate;  a  hydrophobic  surface  has  a  tendency  to  repel 
a  water  droplet  and  to  form  a  larger  contact  angle  (6*e, water  >  90°),  while  a  water  droplet  on 
a  hydrophilic  surface  tends  to  spread  and  have  smaller  contact  angle  (6*e, water  <  90°). 

The  contact  angle  can  be  measured  experimentally  using  various  methods  [8];  optical 
reflectometry,  interference  microscopy,  or  sessile  drop  method  using  goniometer.  Figure  2.6 
shows  an  example  of  the  contact  angle  measurement  using  a  goniometer  (KRUSS  contact 
angle  analyzer),  where  a  water  droplet  was  deposited  on  a  selected  substrate  (PMMA,  in 
this  case)  while  the  side-view  image  was  taken  by  attached  camera.  The  contact  angle  can 
be  determined  by  analyzing  the  micrograph  using  image  processing  software  by  fitting  the 
outline  of  the  droplet. 

2.1.5  Coffee- Ring  Effect 

An  important  physical  phenomenon  that  has  a  great  impact  on  printed  features  is  the  so- 
called  “coffee-ring  effect” .  It  manifests  itself  in  a  coffee  strain  on  the  table  after  spilt  drop  of 
coffee  (or  any  solution  containing  suspended  particles)  has  been  evaporated.  Its  importance 
in  printed  electronics  comes  from  the  fact  that  the  printed  features  may  have  a  non-uniform 
surface  topology  after  the  patterned  liquid  ink  dries.  Deegan  and  co-workers  have  reported 
a  model  to  quantify  this  coffee-ring  effect  using  concepts  of  the  capillary  flow  and  contact 
line  pinning  in  Ref.  [9].  Once  a  liquid  on  a  solid  substrate  reaches  equilibrium  and  contact 
line  pinning  occurs  [10],  the  contact  line  retraction  starts  as  liquid  evaporates.  Initially,  the 
contact  area  remains  constant  because  the  contact  line  is  fixed  while  the  solvent  evaporates, 
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Figure  2.6:  Micrograph  of  contact  angle  measurement  using  a  goniometer. 


which  causes  radial  flow  outward  to  replenish  the  evaporated  liquid  at  the  pinned  perimeter. 
This  radial  flow  carries  solutes  outward  and  stacks  the  solute  so  that  a  thick  layer  along  the 
perimeter  is  created.  During  this  stage,  the  contact  angle  decreases  as  the  volume  of  the 
liquid  is  reduced  due  to  solvent  evaporation.  When  the  contact  angle  becomes  smaller  than 
the  receding  contact  angle,  the  contact  line  will  recede  and  the  contact  area  is  reduced.  More 
recently,  further  studies  found  that  the  shape  of  suspended  particles  (solutes)  [11]  or  pH  of 
solvent  [12]  may  impact  this  phenomenon. 

Depending  on  the  intended  application,  the  coffee-ring  structure  may  be  something  to 
avoid  or  exploit.  In  general,  it  is  an  obstacle  in  building  3-dimensional  structures  using 
multi-layer  processes  because  it  can  create  a  rather  thick  barrier,  which  makes  it  difficult  to 
form  a  connection  between  two  regions  separated  by  such  a  barrier. 

2.2  Mechanical/Electrical  Modeling  of  A 
Cantilever-Beam 

Since  one  of  the  main  topics  in  this  dissertation  is  to  implement  mechanical  structures 
using  aforementioned  inkjet-printing  technology,  it  is  good  to  be  equipped  with  some  basic 
knowledge  to  understand  and  analyze  behaviors  of  such  micro-electro- mechanical  devices.  In 
this  section,  basic  principles  required  to  model  electrostatically  actuated  cantilever  structures 
are  addressed. 
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2.2.1  Spring  Constant 

The  behavior  of  a  cantilever  beam  structure  can  be  understood  by  modeling  the  movable 
beam  as  a  spring.  For  example,  the  vertical  displacement  of  the  beam  at  the  free  end  upon 
an  applied  load  can  be  modeled  as  the  displacement  of  the  spring  in  response  to  an  external 
force.  The  relation  between  the  displacement  (z)  and  the  applied  force  (F)  follows  Hookes 
law  F  =  kz,  where  k  is  the  linear  spring  constant,  granted  that  the  force  is  such  that  2;  is 
limited  to  small  deflection  of  the  beam. 


(a)  (b) 


Figure  2.7:  Schematic  diagrams  illustrate  different  types  of  loading  on  the  cantilever  beam, 
(a)  Uniformly  distributed  load  and  (b)  a  point  load  at  the  free  end  of  the  cantilever  beam. 


It  should  be  noted  that  the  effective  spring  constant  of  a  cantilever  beam  is  a  function  of 
a  type  of  applied  load.  For  example,  the  load  q  may  be  uniformly  distributed  over  the  entire 
beam  (Fig.  2.7(a))  and  the  corresponding  beam  deflection  5z  is  given  as  [13]: 


where  q  is  the  uniformly  distributed  load  over  the  beam  length  L,  E  is  elastic  modulus 
of  the  beam  material,  and  I  is  moment  of  inertia  of  the  beam.  The  Equation  (  2.5)  can  be 
arranged  as  follows: 


4  =  k5z  (2.6) 

Since  qL  is  the  effective  load  and  6z  is  the  corresponding  displacement,  the  effective  spring 
constant  can  be  obtained  as  k  =  Similarly,  a  point  load  P  applied  on  the  free  end  of 
the  beam  (Fig.  2.7(b))  causes  the  beam  deflection  given  as  [13]: 


(5. 


PL^ 

wl 


(2.7) 
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which  can  be  rearranged  into  a  form  of  Hooke’s  law: 

P  =  =  kS,  (2.8) 

Then,  the  corresponding  spring  constant  for  this  case  k  =  (^)  can  be  obtained. 

The  spring  constants  derived  above  are  valid  independent  of  the  shape  of  the  cross-section 
or  material  of  the  beam.  If  the  beam  has  rectangular  cross-section,  the  moment  of  inertia 
is  given  as  /  =  WH^ /VI  {W  is  the  width  and  H  is  the  height  of  the  beam).  For  a  beam  of 
homogeneous  material,  E  is  the  material’s  Young’s  modulus. 

2.2.2  Pull-in  Mode  Operation 

Electrostatically  actuated  micro-electro-mechanical  (MEM)  switches  can  be  modeled  using 
parallel-plate  capacitors,  where  an  electrostatic  force  exists  between  the  movable  beam  and 
an  actuating  electrode.  Figure  2.8  shows  an  example  of  a  cantilever  beam  structure,  where 
the  cantilever  beam  is  actuated  by  applying  a  voltage  to  the  underlying  actuating  electrode. 
Upon  applying  a  voltage  V  on  the  actuating  electrode,  the  beam  is  attracted  downwards  by 
electrostatic  force  and  eventually  stopped  by  a  contacting  electrode.  The  threshold  voltage 
which  makes  the  beam  collapse  into  contact  with  the  contacting  electrode  is  called  the  pull- 
in  voltage  Upi.  It  can  be  obtained  using  a  force  balance  equation  between  the  electrostatic 
force  Feiec  and  the  spring  restoring  force  Fspring.  By  modeling  this  system  as  a  parallel-plate 
capacitor,  Feiec  is  given  as: 


.^elec 


epAV^ 

2(90  -  2)^ 


(2.9) 


where  ep  is  the  vacuum  permittivity,  A  is  the  actuation  area  (overlap  area  between  the 
actuation  electrode  and  the  beam),  go  is  actuation  gap,  and  2;  is  the  beam  deflection  which 
increases  positively  from  the  equilibrium  position  to  downwards  (as  shown  in  ;2— axis).  Fol¬ 
lowing  the  sign  convention  defined  in  Fig.  2.8,  Espring  =  —kz,  where  k  is  the  spring  constant 
of  the  cantilever  beam.  The  net  force  applied  on  the  beam  is  the  summation  of  Eeiec  and 
F  ■  ■ 

spring- 


^net  —  Ff 


elec 


F  •  = 

spring 


e„AV‘  ,  icAV^  , , 


(2.10) 


where  a  new  variable  g  =  go  —  z  is  defined  to  indicate  the  gap  between  the  beam  and  the 
actuation  electrode.  There  exists  a  positive  feedback  in  the  system  when  a  voltage  source 
(infinite  charge  pump)  is  used  to  actuate  the  beam,  which  is  the  case  for  most  practical 
MEMS  applications.  As  the  applied  voltage  increases  linearly,  Feiec  increases  superlinearly 
with  2(  because  capacitance  also  increases,  increasing  charge;  in  contrast,  Espring  increases  only 
linearly  with  .2.  Beyond  a  certain  value  of  beam  deflection,  there  is  no  stable  equilibrium 
position  for  the  beam,  Eeiec  >  Espying  so  that  the  beam  collapses  into  contact.  The  voltage  at 
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which  the  beam  pulls  in  is  defined  as  the  pull-in  voltage  Vpi.  Both  the  gap  size  at  pull-in  gpi 
and  Vpi  can  be  calculated  by  inspecting  the  stability  of  the  net  force  Fnet  in  Equation  (2.10). 
Fnet  can  be  rearranged  without  losing  its  generality  as  follows  [14]: 

(2.11) 


Figure  2.8:  Schematic  illustration  of  dimensions  used  in  cantilever  beam  analysis. 


For  a  small  increase  of  deflection,  or  equivalently  a  small  decrease  of  gap  {5g  <  0), 
the  condition  SF^^et  <  0  should  be  satisfied  in  order  to  have  a  stable  equilibrium  position, 
otherwise  the  system  is  unstable  due  to  the  aforementioned  positive  feedback.  Therefore,  the 
condition  >  0  should  be  satisfied  to  have  a  stable  system.  At  the  onset  of  unstable 

positive  feedback, 

^  =-(,AVyg^  +  k  =  0  (2.12) 

and  the  values  of  g  and  V  which  satisfy  the  above  condition  are  gp\  and  Vpi,  respectively: 


By  substituting  Eq.  (2.13)  into  Eq.  (2.10), 
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2 

9pi  =  gS'o  (2-14) 

that  is,  the  onset  of  a  positive  feedback,  or  the  pull-in  mode,  occurs  when  the  gap  between 
the  beam  and  the  actuating  electrode  g  becomes  two-thirds  of  the  initial  gap  Qq. 

The  pull-in  phenomenon  can  also  be  understood  graphically.  The  forces  acting  on  the 
beam,  Feiec  and  Tgpring  are  plotted  in  Fig.  2.9.  The  force  is  normalized  to  the  maximum 
mechanical  force  on  the  beam  (Tg^max  =  kgo)  and  the  displacement  is  normalized  to  an  initial 
actuation  gap  g^.  When  increasing  the  applied  voltage  quasi-statically  (Vi  <  14  <  <  V4), 

the  beam  deflects  accordingly  and  stays  in  a  stable  equilibrium  point  (such  as  points  A  and 
B)  where  the  forces  balance  Fnet  =  0.  Pull-in  instability  occurs  at  V3  (point  C),  where 
a  small  disturbance  in  displacement  results  in  a  positive  rate  of  change  of  the  net  force 

>  0.  Therefore,  the  pull-in  voltage  is  Vpi  =  V3  and  corresponding  gap  is  g^i  is  about 

09  Y 

2/3  of  the  initial  actuation  gap  go,  as  indicated  in  Fig.  2.9.  Increasing  the  voltage  above 
Vpi  =  14  makes  the  condition  Feiec  >  Tgpring  always  true  so  that  the  beam  remains  in  contact 
with  the  contacting  electrode.  On  the  other  hand,  when  decreasing  the  applied  voltage,  the 
beam  may  not  be  released  from  the  contacting  electrode  at  Fpi,  resulting  in  a  hysteresis. 
This  hysteretic  behavior  comes  from  the  fact  that  there  are  two  stable  equilibrium  points  for 
U  <  Vpii  for  example,  points  B  and  D  are  two  equilibrium  points  for  V  =  14.  If  we  assume 
the  contact  gap  g^  was  defined  such  that  ga/go  ~  0.8,  then  the  condition  Feiec  >  Tgpring 
remains  satisfled  (so  that  the  beam  is  deflected  to  contact  the  contacting  electrode)  during 
the  course  of  decreasing  the  applied  voltage  from  14  to  I4  because  the  equilibrium  point  of 
the  beam  is  located  between  the  point  C  and  D  along  the  normalized  force  line.  Any  surface 
adhesion  force  F/dhesion  between  the  beam  and  the  contact  electrode  exacerbates  this  effect. 
Therefore,  the  release  voltage  Vrl  at  which  the  beam  is  released  from  the  contact  electrode  is 
smaller  than  14-  Balancing  the  acting  forces,  Feiec,  Tgpring,  and  F/dhesion,  Prl  can  be  obtained 
as  follows: 

15) 

It  should  be  noted  that  the  location  of  the  actuating  electrode  defines  the  applied  load 
on  the  beam,  and  the  effective  spring  constant  of  the  beam  k  should  be  adjusted  accordingly, 
as  seen  in  the  section  2.2.1. 

2.3  Nanoindentation 

The  mechanical  properties,  in  addition  to  the  electrical  properties,  of  a  structural  beam 
have  significant  impact  on  MEMS  device  performance.  Furthermore,  nanoparticles  rarely 
have  been  used  to  implement  MEMS  devices  and  so  it  is  important  to  characterize  their 


-^spring  -felec 
T/  _  /  ‘^{k(go 


adhesion 
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Normalized  Displacement 

Figure  2.9:  Normalized  force  vs.  normalized  displacement  of  the  cantilever  beam.  Plot  after 
Ref.  [14] 


mechanical  properties  in  this  dissertation.  A  method  called  nanoindentation  was  employed 
for  this  purpose  in  this  work  and  its  basic  principle  is  briefly  reviewed  in  this  section. 

Nanoindentation  was  developed  to  measnre  the  elastic  modnlus  and  hardness  of  a  mate¬ 
rial  sample  to  be  studied  using  an  indenter  load  [15,  16]:  the  measurement  employs  a  sharp 
mechanically  strong  tip  of  a  specific  geometry  which  can  be  used  to  make  a  nano-scale  inden¬ 
tation  on  the  surface  of  the  sample  while  the  applied  load  on  the  tip  and  the  corresponding 
displacement  of  the  tip  are  recorded  during  the  loading  and  nnloading  cycle.  An  example  of 
snch  a  load  (P)  vs.  displacement  {h)  cnrve  is  shown  in  Fig.  2.10.  The  load  P  represents  the 
force  applied  on  the  indenter  and  h  is  the  displacement  of  the  indenter  with  respect  to  an 
undeformed  surface  of  the  sample.  The  Oliver-Pharr  model  [15]  was  developed  by  assuming 
that  both  elastic  and  plastic  deformation  occurs  during  loading  but  only  elastic  displacement 
occnrs  in  the  nnloading  process.  By  studying  this  unloading  response,  it  is  possible  to  extract 
the  elastic  modulus  and  hardness  of  the  sample.  The  Oliver-Pharr  model  is  briefly  reviewed 
here  following  the  basic  explanation  in  Ref.  [16],  where  further  details  can  be  found. 


Load,  P 
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Displacement,  h 


Figure  2.10:  An  example  of  a  load  vs.  displacement  curve  in  a  typical  nanoindentation 
measurement.  Figure  drawn  after  Ref.  [16]. 
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The  unloading  curve  can  be  characterized  by  three  physical  quantities;  the  maximum 
load  Pmax,  the  maximum  displacement  hmax,  and  the  elastic  unloading  stiffness,  S  =  dP/dh, 
which  represents  the  tangential  line  at  the  upper  portion  of  the  unloading  curve  (at  the 
start  of  the  unloading  curve).  It  should  also  be  noted  that  the  final  depth  hf  has  usually 
non-zero  value  due  to  the  plastic  deformation  which  may  occur  during  the  loading  cycle. 
The  unloading  curve  can  be  modeled  by  a  power  law  relation,  given  as: 

P  =  a{h-hf)^  (2.16) 

where  a  and  m  are  power  law  fitting  parameters. 


Figure  2.11:  Schematic  illustration  of  the  unloading  procedure  in  nanoindentation  measure¬ 
ment.  Figure  drawn  after  Ref.  [16]. 

The  unloading  procedure  is  illustrated  schematically  in  Fig.  2.11.  It  is  assumed  here 
that  the  pile-up  of  material  at  the  contact  periphery  during  the  initial  loading  procedure  is 
negligible  [16].  The  amount  of  sink- in  hg  is  then  approximated  by: 

h,  =  (2.17) 

where  e  is  a  parameter  which  is  a  function  of  the  geometry  of  the  indenter. 

The  vertical  displacement  of  the  contact  periphery  he  from  the  sink-in  can  be  obtained 
by  inspecting  the  geometry  shown  in  Fig.  2.11,  that  is,  he  =  /imax  —  hg.  From  Eq.  (2.17): 

he  =  heaai,  “  (2-18) 
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The  projected  area  of  the  indenter  at  a  distance  d  back  from  its  tip  can  be  calculated, 
and  is  called  the  ‘area  function’.  Assuming  the  area  function  Ac{d)  can  be  obtained  by 
calibration  measurement  from  a  standard  sample  experimentally,  the  contact  area  A  is  given 
as: 


A  =  A,(h,)  (2.19) 

The  hardness  can  be  obtained  from  the  contact  area: 

H  =  (2.20) 

The  elastic  modulus  E  is  related  to  the  contact  area  A  and  unloading  stiffness  A,  given 
as: 

A  =  I3^E,^^/A 
Vvr 

where  E^^  is  the  effective  (or  reduced)  elastic  modulus  defined  by 

1  _  1  -  1/2  1-1,2 

A'eff  E  Ei 

where  v  is  the  speciman’s  Poisson  ratio  and  i/j  and  Ei  are  the  corresponding  parameters 
for  the  indenter. 

The  effective  elastic  modulus  is  a  required  modification  to  include  the  effect  from  the  fact 
that  the  elastic  displacement  occurs  both  in  the  specimen  {E,:/)  and  the  indenter  {Ei,!/^). 
It  was  assumed  in  the  original  Oliver-Pharr  model  that  /5  is  1  but  it  was  found  later  that 
modification  may  be  necessary  for  more  accurate  extraction. 

In  this  dissertation,  the  nanoindentation  method  was  not  only  used  to  measure  intrinsic 
properties  of  the  printed  nanoparticle  films  but  also  to  study  the  effective  spring  constant  of 
movable  structures,  such  as  cantilever  beam  of  printed  relays,  since  the  nanoindenter  could 
be  used  to  facilitate  mechanical  deflection  of  the  cantilever. 
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Chapter  3 
Inkjet-Printed 

Micro-Electro-Mechanical  Switch 

3.1  Introduction 

Printed  electronics  employing  solution-processed  materials  is  considered  to  be  the  key  to 
realizing  low-cost  large- area  electronic  systems,  but  the  performance  of  printed  transistors  is 
not  generally  adequate  for  most  intended  applications  due  to  limited  performance  of  print¬ 
able  semiconductors.  An  alternative  approach  for  a  printed  switch  is  proposed,  where  the 
use  of  semiconductors  can  be  avoided  by  building  mechanical  switches  with  printed  metal 
nanoparticles.  In  this  chapter,  inkjet-printed  micro-electro-mechanical  (MEM)  switches  are 
presented  that  can  deliver  abrupt  switching  characteristics,  very  low  on-state  resistance 
(~10  Jd),  and  nearly  perfect  off-state  behavior  with  on/off  current  ratio  of  10^,  which  can 
be  used  to  implement  complementary  logic  functions.  The  devices  are  fabricated  using  a 
novel  process  scheme  to  build  3-dimensional  cantilever  structures  from  solution-processed 
metallic  nanoparticles  and  sacrificial  polymers.  These  printed  MEM  switches  thus  represent 
a  uniquely  attractive  path  for  realizing  printed  electronics. 

3.2  Advantages  of  Printed  Mechanical  Switches 

Printed  electronics  has  received  a  great  deal  of  attention  in  recent  years  as  a  means  of  re¬ 
alizing  low-cost  electronic  systems  such  as  displays,  sensors,  and  REID  tags.  Most  efforts 
to  date  have  focused  on  printed  thin  film  transistors  (TFTs)  based  on  organic  semicon¬ 
ductors.  Although  the  performance  of  printed  TFTs  has  been  improving  steadily  due  to 
improvements  made  to  printable  semiconductor  materials,  the  performance  of  printed  TFTs 
is  generally  not  adequate  for  most  intended  applications,  both  in  terms  of  the  achievable 
carrier  mobility  and  in  terms  of  the  realizable  off-state  leakage  current.  We  propose  that 
an  alternative  switch  may  be  extremely  interesting  in  this  regard,  particularly  if  the  use 
of  printed  semiconductors  can  be  avoided.  Interestingly,  while  printed  semiconductors  trail 


CHAPTER  3.  INKJET-PRINTED  MICRO-ELECTRO-MECHANICAL  SWITCH 


31 


their  conventional  counterparts,  the  performance  of  printed  metals  is  already  very  close  to 
conventionally  processed  metallic  thin  films.  Metallic  nanoparticles  have  been  used  to  deliver 
printed  metallic  features  with  conductivity  >  70%  of  bulk  metal  conductivity.  Therefore,  an 
alternative  path  for  realizing  printed  electronics  is  clear;  the  use  of  semiconductors  can  be 
avoided  entirely  if  the  requisite  switch  functionality  is  realized  by  implementing  devices  via 
solution-processed  metals  exclusively.  Specifically,  mechanical  switches  may  be  used  rather 
than  electrical  switches,  thus  delivering  the  same  functionality  while  offering  substantially 
enhanced  performance.  These  can  be  made  without  semiconducting  materials  because  they 
operate  by  electro-static  actuation  of  a  movable  (conducting)  electrode  structure,  rather  than 
by  modulating  the  conductivity  of  fixed  (semiconducting)  channels.  Indeed,  there  have  been 
some  initial  demonstrations  of  mechanical  constructs  realized  using  printed  materials  [1,  2,  3, 
4] ,  suggesting  that  electromechanical  switches  may  be  a  viable  path  for  realization  of  printed 
electronics.  Here,  for  the  first  time  we  demonstrate  printed  micro-electro-mechanical  (MEM) 
switches  fabricated  using  nanoparticles,  and  show  switching  performance  far  exceeding  that 
of  printed  transistors,  thus  attesting  to  the  strength  of  this  technology  as  a  candidate  switch 
for  printed  electronics.  Indeed,  we  show  that  this  technology  has  the  potential  to  address 
virtually  all  the  shortcomings  of  printed  transistors.  The  devices  show  excellent  switching 
behavior  with  very  low  on-resistance  and  nearly  perfect  off-state  behavior  with  immeasurable 
leakage,  and  can  be  used  to  implement  complementary  logic  functions.  All  this  is  achieved 
while  leveraging  the  best  class  of  printed  electronic  materials  available  today  -  metals.  In 
other  words,  printed  mechanical  switches  could  represent  a  uniquely  attractive  path  for  re¬ 
alizing  printed  electronics. 


3.3  Structure  and  Operating  Principle  of  Printed 
MEM  Switches 

The  printed  MEM  switches  are  demonstrated  to  illustrate  the  benefits  of  this  approach.  The 
structure  and  operation  of  the  printed  MEM  switch  design  is  illustrated  (Fig.  3.1).  The 
fabricated  switch  is  a  cantilever- type  three-terminal  switch,  where  the  movable  cantilever 
beam  is  electro-statically  actuated  downward  into  contact  with  a  drain  electrode  when  a 
suitably  large  voltage  difference  exists  between  it  and  an  underlying  gate  electrode.  When  the 
switch  is  in  the  OFF  state,  there  is  an  air  gap  separating  the  beam  and  the  contacting  drain 
electrode  so  that  ideally  no  current  can  flow  (Ioff  =  0).  This  then  allows  for  the  realization 
of  switches  with  abrupt  switching  behavior  and  ultra- low  leakage;  indeed,  we  find  leakage  to 
be  at  the  noise  floor  of  our  measurement  setup,  attesting  to  the  advantages  of  MEM  switches 
in  this  regard.  In  these  switches,  the  position  of  the  source  beam  depends  on  the  balance 
between  the  electrostatic  force  (Feiec)  and  the  spring  restoring  force  of  the  beam  (Fspring)- 
While  Feiec  increases  super-linear ly  with  increasing  downward  beam  displacement,  F spring 
increases  only  linearly  with  displacement.  Thus,  there  is  a  critical  displacement  beyond 
which  Feiec  is  always  larger  than  Fspring  ■,  so  that  the  gap  will  eventually  close  abruptly  as  the 


CHAPTER  3.  INKJET-PRINTED  MICRO-ELECTRO-MECHANICAL  SWITCH 


32 


(c)  (d) 
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Figure  3.1:  Structure  and  operation  of  the  printed  MEM  switch  design  is  illustrated.  Scan¬ 
ning  electron  micrographs  of  (a)  the  whole  view  of  the  printed  MEM  switch  with  (b)  magni¬ 
fied  view  of  the  end  of  the  beam.  Source  beam  is  anchored  to  source  pad  and  two  additional 
bottom  electrodes  (actuating  gate  and  contacting  drain)  are  located  under  the  beam.  Illus¬ 
tration  of  the  three-terminal  switch  structure  (c)  in  the  OFF-state  and  (d)  in  the  ON-state. 


applied  voltage  across  the  gap  is  increased.  This  phenomenon  is  referred  to  as  “pull-in,”  and 
the  voltage  (Vp/)  at  which  it  occurs  is  dependent  on  the  switch  design  parameters  [5]  (See 
Chapter  2): 


Vpi  — 


8  kes9^ 

27  Co^a 


(3.1) 


where  fcefr  is  the  effective  spring  constant  of  the  beam,  go  is  as-fabricated  actuation  gap 
thickness,  the  cq  is  the  vacuum  permittivity,  and  Aa  is  the  actuation  area  (i.e.  beam-to-gate 
overlap).  To  prevent  the  possibility  of  source-to-gate  leakage,  an  insulating  gate-dielectric 
layer  covers  the  gate  electrode. 


3.4  Fabrication  Process 

In  this  section,  fabrication  processes  innovations  which  were  required  for  solution-based 
MEM  relay  fabrication  are  discussed.  First,  MEM  switches  require  very  good  control  of 
gap  thickness;  this  is  achieved  by  developing  a  sacrificial  layer  process  wherein  a  highly 
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Parameter 

Value  [fim] 

Beam  Width  [IT] 

90 

Beam  Thickness  [H] 

2.25 

Beam  Length  [L^j 

650 

Anchor-to-gate  Length  [Lg] 

450 

Actuation  Gap  [(/oj 

1.65 

Contact  Gap  [gd] 

1.2 

Gate  Width  [Wd] 

180 

Table  3.1:  Design  parameters  and  values  of  the  fabricated  printed  MEM  switches. 


uniform  spin-coated  organic  release  layer  is  used  to  set  the  gap  precisely  over  an  entire 
substrate  prior  to  printing  the  cantilever.  Second,  MEM  switches  require  strong  mechanical 
anchor  formation  for  the  cantilever  beam  which  overlies  the  source  contact.  Given  the 
aforementioned  sacrificial  layer,  a  printed  via  process  [6]  is  used,  wherein  the  sacrificial  layer 
is  dissolved  and  dried  to  the  edges  of  the  anchor  region  by  printing  solvent  to  define  the  anchor 
hole.  Finally,  MEM  switches  require  a  robust  cantilever  formation  and  release  process;  this 
is  achieved  by  using  sintered  printed  metallic  nanoparticles  to  form  the  cantilever  and  by 
etching  away  the  organic  sacrificial  layer  in  solvent  to  release  the  overlying  cantilever.  Note 
that  all  steps  in  the  process  must  achieve  solvent  orthogonality,  such  that  the  solvent  from 
upper  layers  does  not  attack  previously  deposited  lower  layers.  This  was  obtained  by  selecting 
solvent  materials  that  do  not  interact  substantially  upon  deposition. 

The  process  used  to  fabricate  the  MEM  switches  is  illustrated  in  Fig.  3.2,  with  dimensions 
as  shown  in  Table  3.1.  Silver  nanoparticle  ink  (CCI-300  from  Cabot  Corp.,  Boston,  MA)  is 
used  to  print  the  gate,  drain,  and  source  electrodes  as  follows.  First,  the  gate  electrode  was 
inkjet-printed  onto  the  insulating  substrate.  An  oxidized  Si  wafer  was  used  for  convenience 
in  this  case,  though  the  process  temperatures  make  the  process  fully  compatible  with  a 
wide  range  of  substrates.  Next,  poly-4-vinylphenol  (PVP)  was  spin-coated  and  cross-linked 
to  form  an  insulating  gate  dielectric  layer  (Fig.  3.2(a)).  The  cross-linking  ensures  solvent 
orthogonality  for  subsequent  printing  steps  in  that  the  cross-linked  PVP  layer  will  act  as  an 
etch-stop  layer  when  the  sacrificial  layer  is  etched  during  the  via-hole  process  because  the 
etchant  solvent  (acetone)  will  dissolve  the  sacrificial  layer  while  cross-linked  PVP  is  insoluble. 
The  PVP  layer  also  provides  an  optimal  wetting  condition  for  the  silver  ink,  so  that  the  drain 
electrode  and  source  pad  can  be  printed  to  form  the  desired  patterns.  The  gate  dielectric 
electrically  isolates  the  gate  from  the  source  beam  if  it  comes  into  contact  with  both  the 
drain  and  gate  electrodes. 

Next,  the  drain  electrode  and  source  pad  were  printed  (Fig  3.2(b)),  where  the  drain 
can  be  intentionally  thickened  in  the  contacting  region  (as  shown  in  Fig.  3.3)  by  printing  a 
single  drop  of  silver  ink  multiple  times  onto  the  same  spot.  This  “dimpled”  design  allows 
the  apparent  contact  area  (Ac)  to  be  well  defined  and  provides  for  a  smaller  contact  gap 
(gd)  which  is  beneficial  for  reducing  the  switch  turn-on  delay.  Fadhesion  can  be  reduced 
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Figure  3.2:  Illustration  of  the  process  used  to  fabricate  the  MEM  switches,  (a)  Gate  elec¬ 
trode  is  printed  with  silver  ink;  thin  film  of  cross-linked  PVP  is  spin-coated  to  form  the 
gate  dielectric,  (b)  Drain  electrode  and  source  pad  are  printed  in  alignment  with  the  gate 
electrode.  Additional  drops  of  ink  can  be  printed  in  the  contacting  region  to  define  a  contact 
dimple,  (c)  Sacrificial  layer  of  PMMA  is  spin-coated  and  source  beam  is  inkjet-printed,  after 
which  the  source  anchor  region  is  defined  by  printing  acetone  to  dissolve  PMMA  underneath 
one  end  of  the  source  beam,  (d)  The  source  anchor  is  formed  by  filling  the  hole  in  the  PMMA 
with  inkjet-printed  silver  ink,  and  the  structure  is  released  by  removing  PMMA  film  with 
acetone. 


by  leveraging  the  “coffee-ring”  effect  to  reduce  Ac-  Figure  3.3  shows  the  topography  of  a 
contact  dimple  measured  by  an  optical  profilometer.  It  has  a  crater-like  structure,  so  that 
the  apparent  contact  area  A^.  is  significantly  smaller  than  the  dimple  area.  Characteristic 
parameters  of  the  contact  dimple  structure  are  defined  in  Fig.  3.4.  The  apparent  contact 
area  is  estimated  to  be  Ac  =  irdaWci,  where  the  “coffee-ring”  width  is  defined  at  a  critical 
path  tc-  It  is  possible  to  adjust  Ac  (hence  Fadhesion  and  Ron)  by  varying  the  number  of 
printed  drops.  Fig.  3.5  shows  how  Ac  and  also  the  thickness  of  the  dimple  depend  on  the 
number  of  printed  drops.  Ac  increases  with  the  first  3  drops  because  they  fill  the  center  of 
the  dimple.  (This  is  corroborated  by  the  measurements  of  td  which  show  that  the  dimple 
thickness  is  almost  constant  for  the  first  3  drops.)  Ac  then  decreases  as  additional  drops  are 
printed. 

After  electrode  formation,  a  sacrificial  poly(methyl-methacrylate)  (PMMA)  layer  was 
spin-coated  (thickness  ~  1.8/rm)  and  cross-linked  at  180°C.  PMMA  was  chosen  since  the 
cross-linked  form  is  sufficiently  robust  to  survive  subsequent  cantilever  printing,  but  is  still 
soluble  in  solvents  as  needed  for  anchor  formation  and  cantilever  release. 

The  cantilever  beam  then  was  printed  onto  the  sacrificial  PMMA  layer;  since  it  is  printed 
immediately  on  top  of  the  spin-coated  sacrificial  layer,  a  well-controlled  gap  is  ensured. 
The  surface  of  the  PMMA  is  known  to  be  very  hydrophobic  (surface  energy  of  PMMA  = 
32.7  mN/m  [7]),  which  prevents  deposited  droplets  from  being  spreaded  properly  to  form 
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(a)  (b)  (c) 


Figure  3.3:  Measured  height  profile  of  the  printed  electrodes  with  dimpled  drain  structure, 
(a)  3-dimensional  height  profile  taken  by  optical  profilometer.  The  2-D  fine  scan  profile  along 
A-A’  and  B-B’  lines  are  shown  in  (b)  and  (c),  respectively. 


(a)  (b) 


Figure  3.4:  Profile  of  contact  dimple  structure.  Characteristic  patterns  of  the  dimple  are 
defined  in  (b)  the  plot  of  thickness  along  the  line  A-A’  in  (a).  The  apparent  contact  area  is 
calculated  as  Ac  =  TiddWd,  where  the  “coffee- ring”  width  dd  is  defined  at  a  critical  depth  tc 
(15  nm) 
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Number  of  Printed  Drops 


Figure  3.5:  Dependence  of  contact  dimple  parameters  on  the  number  of  printed  drops,  (a) 
Measured  apparent  contact  area  A^  varies  non-monotonically  with  the  number  of  printed 
drops  because  the  first  3  drops  fill  the  center  of  the  dimple.  After  the  center  of  the  dimple 
is  completely  filled  up,  Ac  decreases  as  more  drops  are  printed.  This  is  substantiated  by  (b) 
the  measurement  of  which  shows  that  the  dimple  thickness  remains  almost  constant  for 
the  first  3  drops. 


continuous  pattern.  The  surface  of  PMMA  needs  to  be  modified  to  obtain  desired  wettability, 
which  can  been  done  by  exposing  it  to  UV-ozone  to  add  polar  functional  groups  so  that  the 
surface  energy  be  increased  [8].  Figure  3.6  shows  the  change  of  contact  angle  of  water  on 
PMMA  as  a  function  of  the  amount  of  time  in  which  PMMA  is  exposed  to  UV-ozone. For 
optimal  wetting,  UV-ozone  exposure  of  210  sec  was  chosen  for  beam  printing.  It  is  important 
to  optimize  the  beam  thickness  because  this  determines  the  effective  beam  stiffness  for 
given  beam  dimensions;  thinner  beams  will  collapse  upon  release  due  to  stiction  [9]  while 
thicker  beams  will  have  high  Upi  and  hence  have  large  power  consumption.  The  thickness  of 
the  beam  in  this  work  was  controlled  by  adjusting  the  number  of  printed  layers,  as  shown 
in  Fig.  3.7  (~450  nm  per  layer  with  drop  space  =  25  /rm),  with  interspersed  drying  steps 
between  the  layers.  The  beam  was  dried  at  150°C,  and  annealed  afterwards  at  180°C.  This 
multi-step  process  ensures  that  thick  films  can  be  built  up  without  any  emergence  of  bulging 
and  cracking  from  excessive  solvent  volumes  [10].  It  should  be  noted  that  ‘wrinkles’  have  been 
observed  on  the  printed  film  in  the  multi-layer  process  (Fig.  5.7),  when  the  thermal  budget 
used  in  the  interspersed  drying  steps  is  not  large  enough  (drying  temperature  <  120°C). 
This  might  result  from  residual  polymers,  which  is  used  in  nanoparticle  ink  to  encapsulate 
particles  to  prevent  them  from  aggregation  in  solution,  in  the  lastly  deposited  dried  film 
may  be  driven  out  at  the  drying  step  of  the  next  deposited  film.  The  formation  of  ‘wrinkles 
was  successfully  prevented  by  using  larger  thermal  budget  (IfiO^C  for  5  mins)  in  the  drying 
process.  It  was  found  that  the  beam  thickness  (i7)  must  be  >  1.6/rm  to  avoid  collapse  or 
stiction  upon  release. 

The  anchor  for  the  beam  was  then  formed  as  follows:  first,  the  anchor  region  was  defined 
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Figure  3.6:  Dependence  of  contact  angle  of  water  on  the  PMMA  surface  on  the  amount  of 
time  in  which  it  is  exposed  to  UV-ozone.  The  contact  angle  decreases  as  longer  exposure  to 
UV-ozone  add  more  polar  functional  groups  on  the  surface  of  PMMA  [8]. 


by  inkjet-printing  acetone  to  etch  a  hole  in  the  PMMA  [6]  underneath  one  end  of  the  beam 
(Fig  3.2(c));  then,  this  hole  is  filled  by  printing  silver  nanoparticle  ink,  connecting  the  beam 
to  the  underlying  source  pad  (Fig.  3.2(d)). 

The  use  of  inkjet-printed  solvent  to  form  the  via  hole  has  some  unique  consequences. 
This  is  not  a  true  “etching”  process,  in  that  the  resulting  waste  material  is  not  removed, 
but  is  rather  deposited  at  the  edge  of  the  hole.  Thus,  the  via  formation  process  results  in 
a  crater-like  structure  (Fig.  3.9(a,b)),  where  the  boundary  is  thicker  than  the  center  of  the 
pattern,  due  to  the  so-called  ‘coffee-ring’  effect  [6].  Figure  3.9(c)  shows  an  optical  micrograph 
of  the  printed  cantilever  from  the  top  view.  Since  the  “crater”  is  formed  after  the  cantilever 
is  printed  and  annealed,  the  crater  does  not  alter  the  cantilever  gap;  this  is  a  key  benefit 
of  the  two-step  cantilever  beam  formation  process  used  here,  where  the  cantilever  is  printed 
first  and  the  via  hole  is  formed  subsequently.  Finally,  the  via  hole  is  filled  with  nanoparticle 
metal  ink  and  sintered  to  form  the  anchor,  which  serves  as  the  source  contact  for  the  MEM 
switch.  The  peak  temperature  for  the  entire  process  is  220°C,  which  makes  this  device 
attractive  for  use  on  a  wide  range  of  substrates.  Indeed,  since  the  PVP  is  merely  a  dielectric 
material,  other  materials  with  lower  cross-linking  temperatures  could  potentially  be  used  to 
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Number  of  Printed  Layers 

Figure  3.7:  Measured  source-beam  thickness  vs.  number  of  printed  layers.  The  thickness  of 
the  beam  in  this  work  was  controlled  by  adjusting  the  number  of  printed  layers.  Increment 
of  thickness  from  each  additionally  printed  layer  is  approximately  450  nm,  when  using  drops 
with  spacing  of  25  fim. 


Figure  3.8:  “Wrinkles”  on  the  printed  layer  upon  drying  process.  (a,b)  When  the  temperature 
used  in  the  interspersed  drying  steps  between  the  layers  is  lower  than  120"C,  wrinkles  can  be 
observed  on  the  dried  printed  film,  (c)  The  formation  of  wrinkles  can  be  avoided  by  using 
higher  drying  temperature  (>  120*^0). 
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reduce  the  temperature  requirements  even  further. 


Figure  3.9:  Illustration  of  the  two-step  anchoring  process,  (a)  Optical  micrograph  of  can¬ 
tilever  beam  after  the  hole  is  defined  by  inkjet-printing  PMMA.  (b)  Surface  profile  of  the 
etch  hole  along  the  XX’  line  at  (a)  shows  the  crater-like  structure,  where  the  boundary  is 
thicker  than  the  center  of  the  pattern,  (c)  Optical  micrograph  of  the  released  MEM  switch. 


3.5  Electrical  Characteristics  of  Printed  MEM 
Switches 

The  measured  switch  driving  current  (Id)  vs.  gate  voltage  (Vgs')  characteristic  is  shown 
in  Fig  3.10(a),  using  the  schematic  diagram  of  the  measurement  setup  shown  in  Fig  3.11 
{Vdd  =  1,  10,  100  mV,  Rl  =  6.74  kfl).  It  shows  immeasurably  low  Iqff  (below  the  noise 
floor  of  the  semiconductor  parameter  analyzer)  and  abrupt  switching  behavior;  this  attests 
to  the  excellent  switching  characteristics  of  MEM  switches,  making  them  attractive  for  the 
aforementioned  candidate  applications  of  printed  electronics.  Note  that  the  switch  turns  on 
when  Vqs  increases  above  Vpi,  but  turns  off  when  Vqs  is  lowered  below  the  release  voltage 
Vrl-  Hysteresis  (Vrl  <  Vpi)  exists  because  Fg/ec  remains  larger  than  Fspring  for  values  of 
Vgs  <  Vp7  when  the  source  is  pulled  in,  and  it  is  exacerbated  by  surface  adhesive  force 
(Fadhesion)  fo  the  Contacting  region.  Note  that  hysteresis  is  not  a  problem  in  the  intended 
printed  electronics  applications,  provided  it  is  controlled  and  falls  within  a  reasonable  range, 
as  is  achieved  herein. 

Figure  3.10(b)  shows  the  measured  switch  current  (Ip)  while  the  voltage  on  the  drain 
electrode  {Vps)  is  varied  for  a  fixed  Vgs-  For  Vgs  >  Vp/,  Id  linearly  increases  with  Vps',  thus, 
in  the  ON  state  the  switch  can  be  modeled  as  a  simple  resistor,  Rqn  {ON-state  resistance). 
The  inverse  slope  of  the  Id  —  Vds  plot  gives  a  value  of  Rqn  ~  1011.  Considering  that  there 
is  a  metal-metal  junction  at  the  contact  between  the  source  beam  and  the  drain  electrode. 
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Figure  3.10:  Steady-state  electrical  characteristics  of  the  printed  MEM  switch.  Measured 
(a)  Id-Vgs  and  (b)  Id  -  Vos  characteristic  of  the  printed  MEM  switch.  The  Id-Vgs  niea- 
surement  was  carried  out  using  the  schematic  diagram  of  the  measurement  setup  shown  in 
Fig  3.11  with  Rl  =  Q.lIkLl. 


Ron  can  be  further  modeled  as  two  resistors  connected  in  series;  Ron  =  Rcontact  +  Rbuik, 
where  Rcontact  IS  the  contact  resistance  at  the  drain  contact  and  Rbuik  is  that  from  the  rest  of 
the  switch.  The  sheet  resistance  of  the  printed  nanoparticle  film  used  in  this  work  is  about 
0.2  n/n,  and  the  switch  comprises  14  squares,  which  results  in  Rbuik  ~  Sfl.  Thus  Ron  is 
dominated  by  Rcontact  ~  Tfl. 


^DD 


Figure  3.11:  Circuit  schematic  of  the  measurement  setup  used  for  electrical  characterization 
of  the  printed  MEM  switch. 


To  investigate  the  dynamic  behavior  of  the  cantilever-type  switch,  transient  characteris¬ 
tics  were  measured.  Figure  3.12(a)  shows  a.c.  characteristics,  where  an  input  voltage  pulse 
signal  (frequency  of  1  kHz  and  amplitude  of  21  V)  is  applied  to  the  gate  and  the  output  volt- 


CHAPTER  3.  INKJET-PRINTED  MICRO-ELECTRO-MECHANICAL  SWITCH 


41 


(a) 


(b) 


d) 

O) 

nj 

o 

> 


Figure  3.12:  Dynamic  electrical  characteristics  of  the  printed  MEM  switch,  (a)  Measured 
input  and  output  voltage  waveforms  for  the  printed  MEM  switch  inverter  circuit  with  Rl  = 
6.7kfl  and  Vdd  =  O.IV,  (b)  Measurement  of  pull-in  delay  for  the  printed  MEM  switch.  Note 
that  the  measurement  was  performed  using  a  similar  setup  to  that  shown  in  Fig  3.11. 


age  is  measured  at  the  drain  electrode,  using  a  similar  setup  to  that  shown  in  Fig  3.11.  In  the 
OFF-state,  the  switch  remains  open  and  the  potential  at  the  drain  electrode  follows  Vdd', 
on  the  other  hand,  when  the  switch  closes  in  the  ON-state,  the  drain  potential  approaches 
that  of  the  grounded  source  electrode  since  Rqn  «  Rl-  There  is  a  delay  between  the  input 
and  output  voltage  signals,  which  consists  of  mechanical  and  electrical  delays.  Mechanical 
delay  arises  from  the  fact  that  it  takes  time  for  the  beam  to  traverse  the  original  contact 
gap  in  response  to  the  electrostatic  force  induced  by  the  gate  voltage.  Furthermore,  elec¬ 
trical  signals  have  intrinsic  RC  delays  when  they  propagate  through  a  conducting  medium. 
Therefore,  the  total  delay  is  the  sum  of  the  mechanical  and  electrical  delay.  Figure  3.12(b) 
shows  this  turn-on  delay,  which  is  mainly  mechanical  delay  since  resistance  and  capacitance 
from  the  switch  itself  are  small. 

As  expected,  this  delay  can  be  reduced  by  increasing  the  applied  electrostatic  actuation 
force  on  the  beam,  Fe/ec,  where  larger  Fe/ec  will  cause  the  beam  travel  faster.  Specifically, 
turn-on  delay  is  inversely  proportional  to  the  applied  gate  voltage  [11],  in  the  range  of 
10  —  16/is,  depending  on  the  gate-overdrive  voltage,  as  shown  in  Fig  3.13.  The  delay  can  be 
further  reduced  by  scaling  device  dimensions,  especially  by  reducing  the  contact  gap  {gd)i  and 
hence  shortening  the  travel  distance  of  the  beam.  Importantly,  since  the  mechanical  delay  is 
dominant  with  negligible  electrical  RC  delay,  a  substantial  design  opportunity  exists  to  work 
around  the  mechanical  delay  and  realize  ultra-fast  electrical  operation  (the  contribution  of 
RC  delay  is  estimated  to  be,  RC  rsj  RoNi^oAa/ go)  r\j  (lOD  X  87fF)  ~  0.87ps.  Previous 
design  analyses  have  shown  that  MEM  switch-based  circuits  can  be  optimized  by  utilizing 
complex  gates  such  that  all  the  switches  move  simultaneously  and  only  one  mechanical  delay 
is  incurred  per  operation  [11].  Endurance  of  the  MEM  switches  was  studied  using  a  similar 
test  setup,  by  monitoring  Rqn  throughout  the  test.  The  switch  can  endure  r\j  10®  on/off  hot 
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switching  cycles  (Fig  3.14)  without  stiction-  or  welding-induced  failure. 


16  18  20  22 


Figure  3.13:  Dependence  of  pull-in  delay  on  applied  gate-to-source  voltage  Vos-  The  pull- 
in  delay  improves  with  increasing  electrostatic  actuation  force  Fgiec  from  larger  Vgs,  which 
causes  the  beam  travel  faster. 


3.6  Mechanical  Properties 

To  study  the  mechanical  properties  of  the  solution-processed  nanoparticle  material  and  struc¬ 
tural  properties  of  the  resulting  cantilever  beam,  nanoindentation  [12]  was  employed.  In  a 
nanoindentation  measurement,  a  sharp  mechanically  strong  tip  (often  diamond)  of  a  specific 
geometry  is  used  to  apply  a  controlled  load  onto  the  surface  of  a  film  such  that  a  nano-scale 
indent  is  formed  while  the  applied  load  on  the  tip  and  the  corresponding  displacement  of 
the  tip  are  recorded.  By  studying  the  measured  load-displacement  curve,  which  shows  the 
indentation  response  of  the  film,  intrinsic  mechanical  properties  such  as  contact  stiffness, 
hardness,  and  elastic  modulus  can  be  extracted.  For  movable  structures,  nanoindentation 
offers  the  additional  advantage  of  enabling  the  extraction  of  the  effective  beam  stiffness. 
We  applied  a  nanoindenter  load  to  the  end  of  the  cantilever  beam  and  obtained  a  load- 
displacement  curve  as  shown  in  Fig.  3.15(a).  Two  regimes  are  apparent,  where  (I)  the  beam 
is  free-standing  and  bends  downward  to  the  contact  electrode,  and  (II)  the  beam  is  finally  in 
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Number  of  Cycles 


Figure  3.14:  Endurance  measurement  of  the  switches  shows  they  can  operate  on/off  hot 
switching  up  to  >  10^  cycles. 


contact  with  the  contact  electrode  and  the  nanoindenter  tip  starts  to  make  an  indentation 
into  the  surface  of  the  beam  (Fig.  3.15(b)).  In  regime  (I),  all  the  displacement  comes  purely 
from  the  beam  displacement,  which  increases  with  the  applied  load.  The  load-displacement 
curve  shows  a  linear  response  and  the  effective  spring  constant  of  the  beam,  fees,  can  be 
extracted  from  the  slope  of  the  curve  in  this  regime.  The  linear  fit  results  in  a  slope  of 
9.7  N/m  (Fig.  3.15(a),  segment  a).  It  is  worth  comparing  this  measured  value  of  k^s  to 
that  calculated  from  the  electrical  measurement  of  Fpi,  as  expressed  in  Equation  3.1.  The 
pull-in  voltage  was  measured  as  Vpi  ~  16.0V  (Fig.  3.10(a)).  From  the  design  of  the  switch, 
the  actuation  gap  thickness  go  was  defined  to  be  ~  1.65m,  Aa  ~  180  x  90/rm^  (gate  width 
~  180/im,  beam  width  ~  90/im),  which  results  in  keff  ^  27.6N/m.  The  two  different  effec¬ 
tive  spring  constants  k^g,  one  from  mechanical  (fceff^m)  and  the  other  from  electrical  (fceff^e) 
measurements,  correspond  to  the  response  of  the  beam  to  two  different  load  application  lo¬ 
cations.  In  the  electrical  measurement,  Egiec  was  applied  from  the  gate  electrode,  while  the 
nanoindenter  tip  exerted  a  concentrated  load  on  the  end  of  the  beam.  Since  the  effective 
spring  constant  of  the  beam  depends  on  the  distance  from  the  anchor  to  the  loading  point 
(L^)  [5],  the  ratio  of  spring  constants  ^  2.8  can  be  estimated  from  the  ratio  of 

beam  length  (L/,)  over  the  distance  from  the  anchor  to  the  center  of  the  gate  electrode  (Lg), 
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iU/L.f  ^  (650/im/450/im)^  ~  3.0.  This  is  within  10%  of  the  measured  value,  attesting  to 
the  accuracy  of  the  modeling  and  material  property  estimates. 


(b) 


beam 


lindenter 


n 


Figure  3.15:  Structural  analysis  of  the  printed  cantilever  by  nanoindentation  technique,  (a) 
Force-displacement  curve  was  obtained  by  applying  a  nanoindenter  load  to  the  end  of  the 
cantilever  beam;  (inset)  unloading  portion  of  the  curve  is  shown  with  effective  force  and 
distance  values  to  extract  the  intrinsic  properties  of  the  printed  nanoparticle  film  using 
Oliver-Pharr  model  [12].  (b)  Schematic  diagram  shows  the  two  different  regimes;  where  (I) 
the  beam  is  free-standing  and  bends  downward  to  the  contact  electrode,  and  (II)  the  beam 
is  finally  in  contact  with  the  contact  electrode  and  the  nanoindenter  tip  starts  to  make  an 
indentation  into  the  surface  of  the  beam. 

In  the  second  regime  (II),  intrinsic  properties  of  the  printed  nanoparticle  film  were  ex¬ 
tracted  using  the  conventional  Oliver-Pharr  model  [12]  to  fit  the  unloading  portion  of  the 
curve,  as  shown  in  the  inset  of  Fig.  3.15(a),  where  the  relevant  unloading  curve  was  extracted 
from  Fig.  3.15(a).  The  middle  portion  of  the  unloading  curve  was  fit  to  the  load  equation: 
P  =  A{h  —  hf)'^, where  hf  is  final  depth,  h  is  the  tip  displacement,  A  and  m  are  fitting 
parameters.  The  contact  stiffness  S,  and  reduced  elastic  modulus  E^  of  the  material  can 
be  obtained  by  5  =  ^\h=hmax  ^^cl  E^  =  2yjAc(h)  ’  where  Ac{h)  is  a  contact 

area  function  which  depends  on  the  geometry  of  the  indenter  tip  used.  From  the  curve,  S 
is  calculated  as  260  N/m^  and  Er  is  obtained  as  47.5  GPa,  which  is  somewhat  lower  than 
the  value  for  bulk  silver.  This  can  be  explained  by  the  fact  that  the  printed  nanoparticle 
film  is  still  somewhat  porous  after  annealing,  which  may  lead  to  a  reduction  in  the  elastic 
modulus  [6].  The  values  from  nanoindentation  measurements  on  the  cantilever  beam  and 
blank  films  (See  Chapter  2)  are  consistent  with  each  other.  Indeed,  this  sintering-dependent 
mechanical  property  offers  a  design  advantage  for  printed  MEMS;  the  sintering  of  solution- 
processed  nanoparticles  can  be  used  to  tune  the  elastic  modulus  (Er),  which  determines  the 
effective  spring  constant  of  the  beam.  Since  what  separates  region  (I)  and  (II)  physically  is 
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the  tip  displacement  value  where  the  beam  starts  to  be  in  contact  with  the  bottom  electrode, 
contact  gap  size  can  also  be  obtained  from  the  displacement  value  at  the  boundary  of  the 
two  regions,  ~  1.2/rm.  This  is  somewhat  smaller  than  the  thickness  of  the  sacrificial  PMMA, 
even  after  taking  account  of  the  difference  between  g^i  and  go,  because  the  silver  nanoparticle 
ink  is  not  perfectly  orthogonal  to  PMMA  and  dissolves  a  small  amount  of  PMMA  during 
the  cantilever  printing  process. 

3.7  Conclusion 

In  summary,  we  have  developed  a  new  switch  technology  for  printed  electronics  based  on 
inkjet-printed  MEM  cantilevers.  The  MEM  switches  offer  excellent  on-state  and  off-state 
characteristics,  and  appear  to  be  very  promising  for  printed  electronics  applications.  Several 
novel  process  steps  were  realized  to  ensure  precise  control  of  the  actuation  gap  in  printed 
MEMS  structnres,  and  the  resulting  devices  showed  low  on-resistance,  immeasnrable  leakage, 
good  switching  speed,  and  low  voltage  operation  better  than  that  of  other  many  printed 
electronic  devices. 
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Chapter  4 

Scaling  of  Inkjet-Printed 
Micro-Electro-Mechanical  Switch 

4.1  Introduction 

The  initial  demonstration  of  printed  micro-electro-mechanical  (MEM)  switches  in  Chapter  3 
suggests  that  they  can  be  potentially  promising  candidates  for  printed  electronics.  Based  on 
the  developed  process,  further  optimization  can  be  carried  out  to  enhance  device  performance 
such  as  energy  efficiency  and  to  suppress  process-induced  performance  variations.  Reducing 
the  operating  voltage  by  scaling  the  device  is  of  interest  in  this  regard,  which  may  lead  to 
broader  range  of  applications  for  printed  switches.  More  in  depth  study  on  the  process  would 
be  necessary  for  this  purpose.  In  this  chapter,  various  process-related  issues  will  be  studied 
to  further  optimize  both  the  process  and  the  performance  of  printed  MEM  switches. 


4.2  Process  Optimization  for  Scaled  Actuation-gap 
Devices 

The  detailed  fabrication  process  was  previously  described  in  Chapter  3,  and  the  process 
steps  which  are  relevant  to  scaling  of  the  device  and  performance  variation  are  revisited 
here.  As  mentioned  previously,  a  two-step  beam  formation  process  was  critical  to  overcome 
the  difference  in  the  printed  ‘etch’  process  from  the  conventional  process  using  lithography 
and  to  form  the  required  anchor.  The  ‘crater’-like  structure  from  the  coffee-ring  effect  forbids 
the  use  of  one-step  beam  anchoring  so  that  the  beam  has  to  be  formed  before  it  is  anchored 
through  the  via-hole  defined  afterwards.  The  via- hole  was  defined  by  selectively  dissolving 
the  sacrificial  poly(methyl  methacrylate)  (PMMA)  layer  at  one  end  of  the  beam  by  printing 
a  solvent  (e.g.  acetone)  that  can  remove  PMMA  layer.  This  two-step  process  is  illustrated 
in  Fig.  4.1,  where  micrographs  were  taken  at  every  step  of  the  anchor  formation  process. 
The  beam  is  first  patterned  on  the  sacrificial  PMMA  layer  and  via-hole  was  then  defined 
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by  printing  multiple  drops  of  acetone  on  a  single  spot  (Fig.  4.1(a)).  Next,  this  via-hole  is 
filled  with  silver  (Ag)  nanoparticle  ink  by  printing  a  sufficient  volume  of  ink  on  the  same 
spot  (Fig.  4.1(b)).  The  beam  can  be  connected  to  bottom  source  pad  and  becomes  anchored 
after  the  filled  Ag  nanoparticle  ink  is  sintered  (150°C  for  30  min.)  (Fig.  4.1(c)). 


Figure  4.1:  Micrographs  showing  two-step  beam  formation  process,  (a)  The  beam  is  pat¬ 
terned  on  the  sacrificial  PMMA  layer  and  via-hole  was  then  defined  by  printing  multiple  drops 
of  acetone  on  a  single  spot,  (b)  Next,  this  via-hole  is  filled  with  silver  (Ag)  nanoparticle  ink 
by  printing  a  sufficient  volume  of  ink  on  the  same  spot,  (c)  The  beam  can  be  connected  to 
bottom  source  pad  and  anchored  after  the  filled  Ag  nanoparticle  ink  is  sintered. 


One  important  parameter  to  be  controlled  in  this  process  is  the  UV-ozone  (UVO)  ex¬ 
posure  time;  the  PMMA  is  required  to  be  exposed  to  UVO  in  order  to  introduce  polymer 
chain-scission  [1,  2],  which  makes  it  more  vulnerable  to  dissolution  by  printed  acetone  so 
that  it  can  be  completely  removed  to  define  the  anchor  region.  Without  UVO  exposure, 
a  larger  volume  of  acetone  is  required  to  dissolve  the  PMMA  layer.  The  number  of  drops 
which  is  necessary  to  completely  remove  PMMA  layer  (~  0.85  /rm-thick)  as  a  function  of 
UVO  exposure  time  is  shown  in  Fig.  4.2(a)  (solid  square  marker).  The  total  time  it  takes  to 
complete  the  via-hole  process  can  be  reduced  by  optimizing  the  UVO  exposure  time,  since 
the  number  of  drops  that  can  completely  remove  PMMA  decreases  drastically  by  increasing 
UVO  exposure  time.  After  being  exposed  to  UVO  for  10  min.,  the  PMMA  layer  can  be 
dissolved  out  completely  by  printing  less  than  10  drops  of  acetone  (inkjet  nozzle  head  :  60 
/im  in  diameter,  MicroFab). 

The  UVO  exposure  time,  however,  cannot  be  arbitrarily  increased  because  it  can  cause 
an  ‘undercut’  effect  during  the  via-hole  process.  The  undercut  in  this  via-hole  formation  is 
illustrated  in  Fig.  4.2(c),  where  an  extension  of  the  circular  via-hole  was  formed  under  the 
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Figure  4.2:  Effects  of  UV-ozone  (UVO)  exposure  time  on  the  process,  (a)  The  number  of 
drops  to  completely  remove  sacrificial  PMMA  and  undercut  length  as  a  function  of  UVO 
exposure  time,  (b)  The  change  of  water  contact  angle  of  PMMA  and  minimum  line  width  as 
UVO  exposure  time  changes,  (c)  Undercut  length  is  defined  as  the  length  of  the  extrusion 
from  the  imaginary  boundary  of  the  circular  via-hole. 


beam  toward  its  free  end.  The  undercut  length  is  defined  as  the  length  of  this  extension 
from  the  imaginary  boundary  of  the  circular  via-hole.  This  undercut  length  increases  with 
the  UVO  exposure  time  because  it  makes  PMMA  more  vulnerable  to  acetone,  as  shown  in 
Fig.  4.2(b).  The  undercut  is  detrimental  because  it  can  cause  variations  in  the  length  of 
the  cantilever  beam.  When  the  via-hole  is  filled  with  Ag  nanoparticle  ink  during  the  anchor 
formation,  Ag  ink  can  flow  along  the  undercut,  which  in  turn  makes  the  beam  length  shorter 
than  designed.  Therefore,  there  is  a  trade-off  between  the  process  speed  and  its  variation; 
the  enhanced  speed  of  the  via-hole  formation  process  due  to  the  reduced  number  of  drops 
required  for  complete  removal  of  PMMA  and  potentially  degraded  process  variation  which 
may  be  caused  by  excessive  amount  of  exposure  to  UVO.  In  this  work,  the  UVO  exposure 
time  was  set  to  10  min.  in  order  to  balance  the  two  effects. 

An  additional  effect  of  the  UVO  treatment  is  the  change  of  surface  hydrophobicity  [3,  4] .  A 
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polymer  surface  is  generally  hydrophobic  due  to  its  low  surface  energy.  Exposure  of  polymer 
to  UVO  is  a  widely  used  method  to  adjust  its  surface  contact  angle,  for  printed  electronics. 
It  was  also  used  in  this  work  for  the  beam  printing  process  since  the  PMMA  surface  is 
hydrophobic  as  deposited  and  so  it  prevents  adjacent  droplets  of  printed  Ag  nanoparticle 
inks  from  merging  together  to  form  continuous  patterns.  A  brief  exposure  (210  sec.)  to  UVO 
changes  the  surface  hydrophobicity  of  the  PMMA,  and  hence  the  beam  can  be  successfully 
defined.  The  change  of  water  contact  angle  shown  in  Fig.  4.2(a)  as  a  function  of  UVO 
exposure  time  illustrates  the  change  in  surface  energy  with  UVO  exposure.  There  is  also  a 
trade-off  here,  since  UVO  exposure  can  adjust  the  surface  hydrophobicity  such  that  proper 
spreading  conditions  can  be  achieved  and  a  continuous  film  can  be  formed,  but  excessive 
UVO  exposure  also  increases  the  minimum  linewidth  of  the  printed  features,  as  shown  in 
Fig.  4.2(a).  For  scaling  of  the  beam  width,  proper  wetting  conditions  for  the  Ag  nanoparticle 
ink  on  the  sacrificial  layer  (e.g.  PMMA)  are  necessary,  and  therefore  the  UVO  exposure 
should  be  limited  to  balance  the  trade-off.  It  should  be  noted  that  the  UVO  treatment  for 
beam  formation  occurs  before  the  via-hole  creation,  and  therefore  excessive  UVO  treatment 
in  beam  formation  process  will  also  have  implications  for  the  following  UVO  treatment  for 
the  via-hole  process. 

4.3  Pull-in  Voltage  Reduction  from  Scaled  Actuation 
Gap 

With  the  aforementioned  process  optimizations,  a  reduction  in  operating  voltage  of  the 
printed  MEM  switch  was  pursued.  The  pull-in  voltage  equation  for  the  cantilever-type 
switch  actuated  by  electrostatic  force  in  this  work  is  given  again  here  for  a  reference: 


where  fceff  is  the  effective  cantilever  beam  stiffness,  Qo  is  the  actuation  gap  (between  the 
beam  and  the  bottom  gate  electrode),  Cq  is  vacuum  permittivity,  and  Aa  is  the  actuation 
area  (the  overlap  area  between  the  beam  and  the  gate  electrode).  As  evident  from  Eq.  (4.1), 
Upi  is  dependent  on  mostly  go  among  other  parameters.  It  is  therefore  straightforward  to 
scale  down  the  pull-in  voltage  Upi  by  reducing  the  actuation  gap  go,  which  can  be  pursued 
by  adjusting  the  sacrificial  layer  thickness.  The  thickness  of  sacrificial  PMMA  layer  can  be 
adjusted  by  the  speed  of  the  spin-coat  deposition,  and  it  was  varied  as  1.65  /rm,  1.25  /rm, 
and  0.85  pm. 

The  measured  drain  current  vs.  gate  voltage  is  shown  in  Fig.  4.3(a)  for  1.65  pm  and  0.85 
pm  po  cases.  The  value  of  Upi  was  reduced  from  ~  16  U  to  ~  5  V,  as  expected.  The  predicted 
values  of  Vpi  from  the  scaled  Po  were  calculated  (dotted  line)  and  compared  to  the  measured 
values  (markers  with  error  bars),  as  shown  in  Fig.  4.3(b).  In  order  to  calculate  the  predicted 
value  of  Vpi,  values  obtained  from  the  nanoindentation  measurement  in  Chapter  3  was 
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used.  For  the  given  dimensions  of  the  beam  in  this  work,  the  value  of  kgs  was  measured  to 
be  fceff  =  27.6  N/m  (See  section  3.6)  and  it  was  used  to  calculate  Vpi  as  function  of  Qo,  with 
Aa  =  190  fiirP  (gate  width:  190/um  and  beam  width:  90/um).  The  measured  kpi  of  the  scaled 
actuation-gap  devices  follows  the  predicted  value  calculated  from  the  equation  4.1. 
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Figure  4.3:  Measured  current-voltage  characteristics  of  scaled-gap  printed  switches,  (a) 
Drain  current  vs.  gate  voltage  measurements  from  two  printed  switches  with  different  actu¬ 
ation  gap  thickness.  Pull-in  voltage  was  reduced  from  ~  16  D  to  ~  5  D  as  expected,  (b) 
Measured  and  calculated  values  of  pull-in  voltages  of  printed  switches  with  scaled  actuation 
gaps. 


It  has  also  been  tried  to  scale  Vpi  by  changing  the  position  of  the  actuating  gate  elec¬ 
trode.  The  effective  beam  stiffness  fees  is  a  function  of  the  position  of  the  applied  load  on 
the  cantilever  beam  [5,  6]  because  the  moment  is  proportional  to  the  length  of  the  torque. 
The  original  design  of  the  MEM  switch  structure  has  the  gate  electrode  closer  to  the  an¬ 
chor  than  the  drain  electrode.  Therefore,  it  is  worth  trying  to  swap  the  roles  of  the  two 
bottom  electrodes,  to  obtain  smaller  fegg  by  locating  the  gate  at  the  end  of  the  beam.  The 
measured  I  —  V  characteristic  is  shown  in  Fig.  4.4,  where  an  actuation  gap  of  0.85/um  was 
used.  The  pull-in  voltage  indeed  was  reduced,  compared  to  the  switches  with  the  same  de¬ 
vice  dimensions  but  gate  electrode  closer  to  the  anchor.  However,  it  should  be  noted  that 
this  electrode  configuration  causes  unstable  physical  contact  between  the  beam  and  drain 
(contacting)  electrode.  This  arises  from  the  fact  that  the  deflection  of  the  beam  over  the 
drain  electrode  may  not  be  sufficient  to  cause  contact  before  the  beam  is  pulled-in  to  contact 
the  gate  electrode.  Therefore,  it  is  not  recommended  to  use  this  configuration  even  if  there 
is  a  benefit  in  reduction  of  Vpi. 
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Figure  4.4:  Measured  current-voltage  characteristics  for  two  printed  switches  with  the  gate 
electrode  farther  from  the  anchor  than  the  drain  electrode.  This  configuration  can  effectively 
lower  Vpi  (both  closed  and  open  circle  markers)  but  may  cause  unstable  physical  contact  at 
the  drain  electrode  due  to  insufficient  beam  defiection  (open  circle  markers) 


4.4  Conclusion 

The  performance  of  the  printed  MEM  switch  can  be  enhanced  by  reducing  the  operation 
voltage  through  scaling  the  actuation  gap.  It  is  straightforward  to  reduce  the  gap  thickness 
by  adjusting  that  of  the  sacrificial  layer,  and  the  pull-in  voltage  has  larger  dependency  on 
the  gap  among  other  dimensions.  The  pull-in  voltage  of  the  switch  was  successfully  reduced 
by  r\j  70%.  Process  optimization  was  carried  out  to  facilitate  gap  scaling  by  studying  the 
trade-offs  for  UVO  exposure  time,  which  impacts  the  throughput,  variation,  and  scalability 
of  the  process. 
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Chapter  5 

Microshell  Encapsulation  using 
Inkjet-Printed  Nanoparticle  Films 

5.1  Introduction 

Microshell  encapsulation  processes  have  been  developed  for  monolithic  packaging  of  MEMS 
devices  using  polycrystalline  silicon  (poly-Si)  as  a  porous  encapsulation  layer  because  it  can 
be  made  permeable  to  HE  when  sufficiently  thin  [1]  or  electrochemically  etched  [2],  This 
reduces  release  times  and  penetration  of  the  sealing  material.  The  temperature  required  to 
form  poly-Si  (>  600°C)  is  too  high  for  CMOS  backend  integration  [3],  however,  precluding 
the  use  of  this  technology  in  monolithically  integrated  microsystems.  In  this  chapter,  a  low- 
thermal-budget  (<  300*^0)  microshell  encapsulation  process  using  inkjet-printed  nanoparticle 
inks  is  proposed  [4].  The  nanoparticle  ink  consists  of  metal  nanoparticles  dispersed  in  sol¬ 
vent,  where  individual  nanoparticles  are  encapsulated  by  organic  capping  material  (ligands) 
to  prevent  aggregation.  Multiple  drops  of  the  ink  are  deposited  by  inkjet  printing  onto 
the  substrate  to  form  a  liquid  film  of  the  desired  pattern.  Afterwards,  the  solvent  evapo¬ 
rates  and  the  nanoparticles  are  sintered  at  an  elevated  temperature  to  form  a  solid  metallic 
film.  The  minimum  required  sintering  temperature  depends  on  the  size  and  structure  of 
the  nanoparticles  and  is  usually  much  lower  than  the  melting  point  of  bulk  materials,  due 
to  an  increased  surface-to- volume  ratio  [5].  For  microshell  encapsulation  applications,  it  is 
advantageous  that  the  porosities  of  such  printed  nanoparticle  films  can  be  controlled  by  the 
size  and  structure  of  the  nanoparticles  and  sintering  conditions.  Furthermore,  the  sintering 
temperature  is  usually  low  enough  such  that  the  entire  process  is  CMOS  compatible. 


5.2  The  Microshell  Material  Requirements 

As  described  in  Chapter  1,  there  are  two  approaches  to  zero-level  packaging  [6];  (a)  a  separate 
cap  is  bonded  into  the  device  region  to  be  protected,  or  (b)  thin-film  material  is  deposited  to 
encapsulate  individual  devices.  The  latter  approach  is  called  microshell  encapsulation  and 
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Figure  5.1:  Process  flow  for  microshell  encapsulation,  (a)  Sacriflcial  layer  is  deposited  and 
patterned  to  encapsulate  devices,  (b)  The  microshell  material  is  deposited  to  coat  the  pat¬ 
terned  sacrificial  layer  to  define  microshell  structural  layers,  (c)  The  encapsulated  devices  are 
released  by  flowing  an  etchant  material  through  the  structural  layer  to  remove  the  sacrificial 
layer,  (d)  Sealing  layer  is  deposited  in  a  controlled  environment  (e.g.  high  vacuum  or  inert 
gas  ambient). 


has  been  applied  to  various  MEMS  devices  [1,  2,  6,  7,  8],  whose  general  process  flow  is  shown 
in  Fig.  5.1.  In  a  standard  surface  micromachining  process  used  for  MEMS  device  fabrication, 
the  sacrificial  layer  is  removed  to  release  structures  upon  completion  of  device  fabrication. 
But  for  microshell  encapsulation  processes,  an  additional  sacrificial  layer  is  deposited  and 
patterned  such  that  the  devices  can  be  encapsulated  (Fig.  5.1(a)).  The  microshell  mate¬ 
rial  is  deposited  to  coat  the  patterned  sacrificial  layer  to  define  microshell  structural  layers 
(Fig.  5.1(b)). 

Afterwards,  the  encapsulated  devices  are  released  by  flowing  an  etchant  material  through 
the  structural  layer  to  remove  the  sacrificial  layer  (Fig.  5.1(c)).  This  step  sets  up  two 
requirements  for  the  structural  layer;  it  should  be  permeable  to  the  selected  etchant  to 
enable  the  removal  of  the  sacrificial  layer  encapsulated  by  it,  and  it  should  also  have  sufficient 
mechanical  strength  so  that  it  can  be  free-standing  without  structural  collapse  upon  release. 
These  two  requirements  can  conflict  each  other  because  a  film  can  be  made  to  be  permeable 
to  gas  or  liquid  if  it  is  sufficiently  thin,  but  it  is  necessary  to  be  thickened  above  a  certain 
critical  thickness  to  avoid  structural  collapse.  Conventionally,  thin  polycrystalline  films,  such 
as  poly-Si,  have  been  used  for  the  structural  layer  due  to  their  permeability  to  oxide  etchants 
(gas  or  liquid  phase  hydrofluoric  acid  (HF))  [1,9].  The  poly-Si  layer  is  usually  made  very  thin 
(<  100  ~  200  nm  [1])  to  achieve  permeability  to  gas/liquid  HF,  and  it  requires  additional 
structural  support  from  a  thick  frame  to  compensate  for  its  lack  of  mechanical  strength  [1]. 

Figure  5.2  shows  the  schematic  of  an  archetypal  microshell  process  flow  which  employs 
such  frame- supported  microshells  with  etch- access  windows.  An  example  of  this  scheme  was 
reported  in  Ref  [1],  where  etch-access  windows  of  thin  (~  95  nm)  poly-Si  were  defined  by 
thicker  (~  1.4;um)  frames  of  low-stress  silicon  nitride  and  the  size  of  the  etch-access  windows 
were  decided  by  taking  into  account  of  the  trade-off  between  etch-rate  and  structural  robust¬ 
ness  [1].  The  structural  layer,  which  forms  the  microshell,  and  the  permeable  layer,  which  is 
used  as  a  thin  membrane  that  allows  etchant  to  penetrate  into  the  microshell,  are  separated 
in  this  scheme.  After  the  structural  material  is  deposited  and  patterned  to  have  etch-access 
windows  (Fig.  5.2(a)),  a  thin  film  of  permeable  material  is  deposited  (Fig.  5.2(b)).  This  thin 
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Figure  5.2:  Process  flow  for  microshells  employing  etch-access  windows,  (a)  The  structural 
material  is  deposited  and  patterned  to  have  etch- access  windows,  (b)  a  thin  film  of  perme¬ 
able  material  is  deposited,  (c)  the  etchant  penetrates  the  permeable  material  to  remove  the 
sacrificial  layer,  (d)  a  sealant  is  deposited. 
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Figure  5.3:  Process  flow  for  microshells  employing  etch-release  holes,  (a)  Structural  layer  is 
deposited  and  patterned  to  have  etch-release  holes  after  the  sacrificial  layer  was  patterned 
to  have  footing  regions  where  etch-release  holes  can  be  incorporated,  (b)  Sacrificial  layer  is 
removed  by  etchant  that  flows  into  the  microshell  through  the  etch- release  holes,  (c)  Sealing 
material  is  deposited  such  that  the  etch-release  holes  is  sealed. 


film  of  permeable  material  allows  the  etchant  to  remove  the  sacrificial  layer  (Fig.  5.2(c)),  and 
blocks  the  sealant  from  depositing  inside  microshell  cavity  (Fig.  5.2(d)).  It  is  also  possible 
to  avoid  the  use  of  a  reinforcing  frame  by  making  the  structural  layer  thick  to  have  sufficient 
mechanical  strength  with  separate  etch-release  holes  [7,  8],  as  shown  in  Fig.  5.3.  In  this 
process,  the  etchant  penetrates  the  microshell  not  through  the  structural  layer  but  through 
etch-release  holes.  The  structural  layer  is  deposited  and  patterned  to  have  etch-release  holes 
after  the  sacrificial  layer  is  patterned,  to  create  footing  regions  with  etch-release  holes  in¬ 
corporated  (Fig.  5.3(a)).  The  sacrificial  layer  is  removed  by  etchant  that  flows  into  the 
microshell  through  the  etch-release  holes  (Fig.  5.3(b)).  Sealing  material  is  then  deposited 
such  that  the  etch-release  holes  are  sealed  (Fig.  5.3(c)).  Lin  showed  in  Ref.  [7]  that  1  pm- 
thick  LPCVD  low-stress  silicon  nitride  film  can  be  deposited  to  form  the  microshell  with 
etch-release  holes  and  that  a  sacrificial  phosphorus-doped  silicate  glass  layer  (~  7  /rm)  can 
be  successfully  removed  by  exposure  to  concentrated  HF  solution  for  5  min. 

The  final  step  of  microshell  fabrication  process  is  to  seal  the  structural  layer  in  a  con¬ 
trolled  ambient,  such  as  high  vacuum  or  inert  gas,  to  encapsulate  the  MEMS  devices  with 
a  hermetic  seal  in  a  desired  environment.  This  step  also  puts  an  additional  stringent  re¬ 
quirement  on  the  material  properties  of  the  structural  layer;  it  should  be  sufficiently  dense 
to  prevent  the  sealant  from  penetrating  into  the  microshell  cavity  and  being  deposited  onto 
the  encapsulated  devices.  If  the  sealing  material  is  deposited  onto  the  packaged  devices. 
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Figure  5.4:  Schematic  illustration  of  inkjet-printed  microshell  encapsulation  process,  (a) 
Silver  nanoparticles  (50  nm)  in  solution  are  inkjet-printed,  (b)  The  printed  silver  nanopar¬ 
ticles  are  sintered  (at  200‘^C  for  30  min)  to  form  a  porous  microshell,  (c)  Sacrificial  oxide 
is  removed  by  an  HF  vapor  etch  process,  (d)  Gold  nanoparticles  (5  nm)  in  solution  are 
inkjet-printed  and  (e)  annealed  (at  300°C  for  60  min)  to  seal  the  microshell. 


mechanical  or  electrical  properties  can  be  accidentally  altered,  which  may  cause  undesirable 
changes  in  the  device  performance. 

Therefore,  it  is  important  to  choose  a  proper  material  for  the  structural  layer  such  that 
it  can  satisfy  all  the  stringent  requirements  described  above.  A  nanoparticle  film  deposited 
by  inkjet-printing  is  a  promising  candidate  in  this  regard  because  it  can  be  thickened  using 
multi-layer  deposition  to  achieve  high  mechanical  strength  and  its  porosity  can  be  controlled 
either  by  the  particle  size  or  annealing  temperature.  Furthermore,  the  process  temperature 
can  be  CMOS-compatible  since  the  temperature  to  anneal  the  printed  nanoparticle  film  is 
relatively  low  (<  300°C)  due  to  the  enhanced  surface-to- volume  ratio  of  nanoparticles  [5]. 


5.3  Inkjet-Printed  Microshell  Process 

The  steps  used  in  the  proposed  inkjet  microshell  encapsulation  process  are  illustrated  in 
Figure  5.4.  For  initial  proof  of  concept,  only  a  sacrificial  layer  of  low-temperature-deposited 
silicon  dioxide  (LTO),  1.3  /rm  thick,  was  deposited  and  patterned  into  islands  of  various 
lateral  dimensions.  The  microshell  is  formed  by  inkjet-printing  a  solution  containing  Ag 
nanoparticles  (  50  nm  in  diameter)  to  encapsulate  the  sacrificial  oxide.  The  printed  liquid 
film  is  then  sintered  on  a  hot  plate  (after  ramping  up  the  temperature  at  a  rate  of  5°C/min) 
to  evaporate  the  solvent  and  form  a  solid  film. 

Figure  5.5  shows  a  printed  Ag  nanoparticle  film  that  encapsulates  two  oxide  islands, 
where  (a)  as-printed  liquid  film  is  patterned  by  inkjet-printing  and  (b)  solid  film  is  formed 
after  annealing.  A  drop  spacing  of  25/im  was  used  and  the  substrate  temperature  was  held 
at  room  temperature  during  printing.  Drops  of  nanoparticle  ink  pin  on  the  substrate  and 
form  a  thin  film  of  liquid  by  merging  with  adjacent  drops.  During  the  annealing  process, 
the  solvent  and  the  ligands  that  encapsulated  the  individual  nanoparticles  in  the  solution 
to  separate  and  prevent  the  particles  from  aggregating  evaporate  [10,  11].  It  is  during  this 
process  that  individual  nanoparticles  consolidate  to  form  a  solid  film.  The  thickness  of  the 
resulting  solid  film  is  an  important  parameter  to  be  controlled  in  order  for  the  microshell  to 
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Figure  5.5:  Micrographs  of  inkjet-printed  Ag  microshell,  (a)  As  printed,  the  liquid  Ag  film 
encasulates  the  patterned  sacrificial  oxide,  (b)  The  Ag  film  is  solid  after  drying  to  evaporate 
the  solvent. 


obtain  sufficient  mechanical  strength  and  avoid  structural  collapse  upon  release.  Figure  5.6 
shows  how  the  thickness  of  the  printed  film  increases  with  the  number  of  printed  layers,  for 
two  different  sintering  temperatures  (200°C  and  400°C).  Each  printed  layer  of  Ag  liquid  film 
is  dried  at  100‘^C  for  10  min  to  evaporate  the  solvent,  before  any  subsequent  layer  is  printed. 

The  interspersed  drying  steps  are  necessitated  because  the  thickness  of  printed  film  can 
be  adjusted  more  accurately  by  printing  additional  ink  on  top  of  a  solid  film,  rather  than  on 
a  liquid  one,  for  the  following  reasons.  First,  the  amount  of  liquid  which  can  be  deposited 
inside  a  certain  area  on  a  partially  wetting  surface  is  limited  in  equilibrium  [12,  13].  Excessive 
volume  of  liquid  will  result  in  the  deformation  of  printed  patterns  and  may  even  cause  bulge 
instability  [14] .  Secondly,  a  coffee-ring  effect  may  be  exacerbated  in  a  larger  volume  of  liquid, 
which  will  cause  non-uniformity  in  the  dried  film  morphology  due  to  increased  evaporation 
time  [15].  Einally,  thicker  films  are  more  prone  to  stress- induced  crack  formation  in  the  film 
during  the  annealing  process  [16].  Therefore,  it  is  beneficial  to  print  multiple  layers  and  limit 
the  thickness  of  each  solid  film  to  minimize  the  possibility  of  crack  formation.  Figure  5.7 
shows  printed  nanoparticle  films  composed  of  multiple  layers,  where  the  deposited  inks  were 
dried  at  60° C  in  the  interspersed  drying  steps.  Non-uniform  surface  morphology,  such  as 
wrinkles  on  the  surface,  occurred  on  the  films  upon  drying  the  4th  layer,  while  uniform  and 
smooth  surface  without  wrinkles  were  obtained  when  films  were  dried  at  or  above  100°C. 
Incomplete  drying  may  have  caused  such  wrinkles  because  of  the  residual  solvent  or  polymers 
used  for  nanoparticles  in  the  ink  may  have  evaporated  from  the  partially  dried  films  while 
drying  the  films  deposited  above  it. 

During  the  sintering  process,  the  ligands  that  encapsulated  the  nanoparticles  in  the 
printed  liquid  film  evaporate  and  diffuse  away,  so  that  the  center-to-center  distance  be¬ 
tween  neighboring  nanoparticles  decreases,  allowing  them  to  merge  and  form  a  continuous 
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Number  of  Printed  Layers 


Figure  5.6:  Measured  thicknesses  of  inkjet-printed  films  after  sintering  at  200°C  and  400°C. 


film  [16].  Voids  resulting  from  the  removal  of  the  capping  ligands  result  in  porosity  in  the 
printed  nanoparticle  film,  especially  if  the  nanoparticles  are  of  larger  size.  The  porosity 
makes  the  film  permeable  to  HF  vapor,  which  allows  the  underlying  sacrificial  oxide  to  be 
rapidly  removed.  Higher  sintering  temperature  enhances  ligand  removal  (limited  by  diffu¬ 
sion  for  such  thick  films)  and  additionally  facilitates  the  coalescence  of  the  nanoparticles, 
resulting  in  smaller  average  pore  size  and  hence  a  thinner  film. 

The  printed  Ag  microshells  were  verified  to  be  permeable  to  HF  vapor.  Figure  5.8  shows 
a  cross-sectional  scanning  electron  micrograph  of  a  “released”  microshell.  The  sacrificial 
oxide  island  had  a  width  of  lOO/rm,  a  length  of  200  /rm,  and  a  thickness  of  1.3  /rm,  and 
was  removed  completely  by  a  brief  (5  min.)  HF  vapor  etch  to  form  the  cavity.  It  can  be 
verified  that  the  released  microshell  is  mechanically  strong  enough  that  it  is  not  collapsed 
throughout  the  whole  cavity  region  as  shown  in  Fig.  5.8(a).  The  corner  of  the  cavity,  where 
the  microshell  is  anchored,  is  shown  at  higher  magnification  in  Fig.  5.8(b),  and  sacrificial 
oxide  is  not  observed  inside  the  cavity,  verifying  the  complete  removal  of  the  oxide  by  HF 
vapor  etch. 
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Figure  5.7:  Micrographs  of  dried  inkjet-printed  nanoparticle  films  composed  of  multiple 
layers,  dried  at  60"C.  Images  were  taken  after  (a)  the  first  layer  deposited  and  dried,  (b) 
second  layer,  and  (c)  fourth  layer.  Non-uniform  surface  morphology,  such  as  wrinkles  on  the 
surface,  occurred  on  the  films  upon  drying  the  4th  layer. 
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Figure  5.8:  Cross-sectional  SEM  images  of  an  inkjet-printed  Ag  microshell  after  exposure  to 
HF  vapor  indicate  that  it  is  (a)  free-standing,  and  (b)  a  porous  structure. 
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5.4  Structural  Properties  of  the  Printed  Microshell 

If  the  microshell  is  too  thin  (<  2/j.m  thick)  then  it  will  collapse  upon  removal  of  the  underlying 
oxide.  Figure  5.9  shows  surface  topography  maps  of  printed  Ag  microshells,  before  and  after 
removal  of  underlying  sacrificial  oxide  in  HF  vapor.  The  fine  profiles  for  the  microshell 
fabricated  by  printing  3  layers  1.5/im  total  thickness)  clearly  show  that  it  lacks  the 
necessary  mechanical  strength,  so  that  it  is  collapsed  after  release.  The  inset  of  Fig.  5.9(a) 
shows  the  comparisons  of  line  profiles  for  the  microshells  between  before  (indicated  as  red 
line)  and  after  (white  line)  the  release,  where  white  line  (after  release)  does  not  follow  the 
red  fine  (before  release)  at  the  microshell  region.  Microshells  of  various  film  thicknesses 
were  fabricated  to  find  an  optimal  thickness  which  can  give  necessary  mechanical  strength 
to  avoid  such  collapse.  The  thickness  of  the  film  was  adjusted  by  the  number  of  printed 
layers  as  shown  in  Fig.  5.6.  A  thickness  of  ~  2.5/rm  was  found  to  be  sufficient  for  forming 
microshells  with  lateral  dimensions  exceeding  1  mm  in  length,  as  shown  in  Figure  5.9(b), 
where  negligible  difference  was  observed  in  the  line  profiles  for  the  microshells  before  and 
after  the  removal  of  the  encapsulated  sacrificial  oxides,  and  Table  5.1. 


5.5  Sealing  Microshell  with  Finer-Sized  Nanoparticles 

In  order  to  seal  the  microshell  (after  the  HF  vapor  release  etch),  a  solution  containing  Au 
nanoparticles  of  much  smaller  size  (~  5  nm  in  diameter)  is  inkjet-printed  and  sintered  in  a 
tube  furnace  at  300°C  for  60  min.  Figure  5.10(a)  shows  a  cross-sectional  scanning  electron 
micrograph  of  an  Ag  film  fabricated  by  inkjet-printing  5  layers  of  Ag  nanoparticle  ink  (total 
thickness  ~  2.5/um)  and  sintering  at  200°C  for  30  min.  The  porous  structure  is  clearly  evi¬ 
dent,  as  are  the  grains  formed  by  merged  nanoparticles.  The  smaller  Au  particles  completely 
fill  the  voids  in  the  outermost  portions  of  the  Ag  film,  as  can  be  seen  in  Figure  5.10(b). 

The  effectiveness  of  the  Au  seal  was  tested  by  exposing  an  unreleased  and  sealed  mi¬ 
croshell  to  HF  vapor.  It  was  found  that  the  sealed  microshell  is  not  permeable  to  vapor  HF, 
because  the  remaining  oxide  thickness  after  a  10-min.  exposure  to  HF  vapor  was  measured 
to  be  the  same  as  originally  deposited  (Figure  5.11).  The  thickness  of  oxides  before  and  after 
the  etch  process  have  been  measured  for  comparison  using  a  contact  profilometer  (alpha-step 
IQ  surface  profiler).  Different  amounts  of  Au  ink  were  deposited  by  varying  the  number  of 
printed  layers  and  it  was  found  that  printing  more  than  3  layers  of  Au  ink  was  sufficient  to 
effectively  seal  the  porous  Ag  films  by  filling  the  voids.  Partial  removal  of  oxide  by  vapor 
HF  etch  was  observed  for  the  case  of  depositing  less  than  3  layers  of  Au  ink. 

As  mentioned  above,  the  microshell  must  be  sufficiently  thick  to  avoid  collapse  upon 
release.  Stress-induced  cracks  can  form  more  easily  in  thicker  films,  however,  due  to  volume 
reduction  during  the  sintering  process  [16,  17].  Also,  non-uniform  solvent  evaporation  and 
internal  stress  due  to  differences  between  the  coefficients  of  thermal  expansion  for  the  film  and 
the  substrate  can  initiate  cracking  inside  the  film  [18].  To  suppress  cracking,  an  intermediate 
sintering  step  (200°C  for  30  min.)  was  performed  after  printing  the  first  3  layers.  This 
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Figure  5.9:  Measured  height  profiles  of  inkjet-printed  microshells  before  (AA”)  and  after 
(BB”)  HF  vapor  etch,  obtained  with  an  optical  profilometer.  (a)  1.4  /rm-thick  microshell  is 
collapsed  after  release,  (b)  2.7  /rm-thick  microshell  is  free-standing  after  release. 
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Figure  5.10:  Cross-sectional  SEM  images  of  printed  nanoparticle  films,  (a)  Ag  nanoparticle 
(50  nm)  film  after  sintering.  A  porous  structure  is  clearly  evident,  (b)  Au  nanoparticle  (5 
nm)  sealed  Ag  film.  The  upper  portion  of  the  film  is  dense  (not  porous),  indicating  that 
the  finer  Au  nanoparticles  effectively  fill  the  voids  in  the  upper  portion  of  the  Ag  film.  The 
scale  bars  each  are  500  nm  long,  (c)  Schematics  illustrates  that  a  solution  containing  Au 
nanoparticles  of  much  smaller  size  (~  5  nm  in  diameter)  fill  the  voids  of  the  porous  structure 
in  larger  size  (~  50  nm  in  diameter)  Ag  nanoparticle  film. 


reduces  both  the  amount  of  residual  solvent  that  has  to  diffuse  out  from  the  film  and  the 
total  thickness  of  the  film  during  the  subsequent  sintering  steps.  Figure  5.12  compares 
the  surface  topographies  of  two  microshells  fabricated  with  5  printed  Ag  layers:  the  one 
mapped  in  Figure  5.12(a)  underwent  an  intermediate  sintering  step  whereas  the  one  mapped 
in  Figure  5.12(b)  did  not.  Regions  indicated  by  arrows  in  Fig.  5.12  show  the  opening  of  the 
shells  by  cracking.  This  is  evident  from  the  fact  that  blue  color  was  mapped,  which  indicates 
lower  value  of  height  in  the  topographical  maps  while  the  red  color  is  used  for  higher  value. 
It  should  be  noted  that  the  most  of  the  crack  openings  occurred  at  the  edge  of  the  shell, 
where  the  maximum  value  of  stress  usually  occurs  [19].  It  can  be  seen  that  crack  formation 
is  effectively  suppressed  with  the  intermediate  sintering  step. 

Because  some  layout  area  is  required  to  anchor  a  microshell,  it  is  desirable  to  encapsulate 
many  devices  with  a  single  microshell,  for  good  area  efficiency.  Microshells  of  various  dimen¬ 
sions  were  fabricated  and  the  vertical  deflections  at  their  center  points  after  HF  vapor  release 
were  measured  by  an  optical  profilometer.  The  results  are  summarized  in  Table  5.1.  The 
microshell  width  (IF)  was  50/im,  lOO/rm,  or  150/im,  and  the  microshell  length  (L)  ranged 
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Figure  5.11:  Measured  profile  of  the  encapsulated  sacrificial  oxide  after  exposure  of  its  sealed 
microshell  to  HF  vapor  and  subsequent  removal  of  the  microshell  by  wet  etching.  (Inset: 
optical  micrograph  of  the  remaining  oxide  island). 


Figure  5.12:  Measured  height  profiles  of  microshells  fabricated  with  differences  in  the  sin¬ 
tering  process,  (a)  Microshell  formed  with  an  intermediate  sintering  step  after  the  first  3 
Ag  layers  were  printed,  as  well  as  a  sintering  step  after  all  5  Ag  layers  were  printed,  (b) 
Microshell  formed  with  only  a  sintering  step  after  all  5  Ag  layers  were  printed.  The  scale 
bar  is  100  /rm  long. 
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Table  5.1:  Length  (L)  values  (in  /um)  of  microshells  investigated  in  this  work.  Grey-shading 
indicates  that  the  microshell  collapsed  after  release.  The  microshell  film  thickness  is  3.0/im. 


from  lx  to  64 X  the  width.  The  narrowest  {W  =  50/rm)  microshells  do  not  collapse  for 
the  entire  range  of  L  values  investigated,  indicating  promise  for  encapsulation  of  multiple 
devices  within  a  single  microshell.  It  should  be  noted  that  the  shells  of  larger  aspect  ratios 
eventually  collapse,  whereas  the  ones  of  the  same  width  and  smaller  aspect  ratios  are  intact 
and  free-standing.  This  may  result  from  the  non-uniform  film  thickness  of  the  printed  film. 


5.6  Conclusion 

Printed  silver  nanoparticle  50  nm)  films  of  thickness  greater  than  ~  2.5/im  have  sufficient 
mechanical  strength  to  be  used  for  microshell  encapsulation  of  MEMS  devices  while  being 
permeable  to  vapor  HE  to  allow  for  short  release  times.  They  can  be  effectively  sealed  with 
a  printed  gold  nanoparticle  5  nm)  film.  The  low  thermal  budget  (<  300°C)  of  a  printed 
microshell  encapsulation  process  makes  it  attractive  for  low-cost  packaging  of  monolithically 
integrated  microsystems. 
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Chapter  6 

Integration  of  Printed  Microshell  with 
Relay  Fabrication  for  Improved 
Contact  Stability 

6.1  Introduction 

Micro-electro-mechanical  (MEM)  relays  have  gained  interest  again  recently  as  an  alterna¬ 
tive  technology  for  low-power  logic  devices,  because  the  benefits  from  scaling  conventional 
CMOS  transistors  in  terms  of  performance  and  power  consumption  are  diminishing.  The 
MEM  relays  can  perform  the  same  functionalities  as  their  solid-state  transistor  counterparts, 
with  steeper  switching  characteristics  and  low  leakage  current  [1].  Eigure  6.1  illustrates  the 
structure  and  operating  principle  of  a  six-terminal  MEM  relay  that  can  incorporate  multiple 
device  functionalities  into  a  single  relay  [2].  A  plan  view  of  the  relay  (Fig.  6.1(a))  shows 
various  electrodes;  the  movable  body  electrode  can  be  actuated  by  applying  voltage  on  the 
gate  electrode;  conductive  channels  attached  to  the  movable  bandy  can  form  an  electrical 
paths  between  the  source  and  drain  electrodes.  Cross-sectional  views  along  the  A- A  line  in 
Fig.  6.1(a)  are  shown  for  the  case  of  the  OFF-state  (Fig.  6.1(b))  and  ON-state  (Fig.  6.1(c)). 
This  device  has  a  fundamentally  similar  operating  principle  to  the  3-terminal  MEM  switch 
shown  in  Chapter  3,  except  for  the  fact  that  there  is  an  additional  (body)  electrode  that 
separates  the  electrode  which  responds  to  the  actuating  electrostatic  force  from  the  one 
which  conducts  current  between  the  source/drain  electrodes.  In  the  OFF-state,  the  air  gap 
separates  the  conductive  channel  on  the  bottom  of  the  body  from  the  source/drain  elec¬ 
trodes,  and  thus  no  current  flows.  On  the  other  hand,  the  movable  body  electrode  can  be 
pulled-in  by  electrostatic  force  when  the  applied  voltage  on  the  gate  electrode  is  above  the 
pull-in  voltage.  This  results  in  physical  contact  between  the  channel  and  the  source/drain 
electrode,  and  an  electrical  path  is  created  in  the  ON-state  (Fig.  6.1  (c)).  When  the  Vos  is 
lowered  below  the  release  voltage  Vrl,  the  spring  restoring  force  of  the  beam  will  pull  off  the 
body  electrode  so  that  the  electrical  path  be  broken. 
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Figure  6.1:  Schematic  diagram  illustrating  the  structure  and  operating  principle  of  a  six- 
terminal  MEM  relay  in  this  work:  (a)  A  Plan  view  of  the  relay  shows  various  electrodes, 
(b)  Cross-sectional  view  along  A-A’  line  shows  the  position  of  the  movable  electrode  in  the 
OFF-state  and  (c)  in  the  ON-state. 


It  is  important  to  select  a  proper  contact  material  that  has  good  electrical  conductivity  as 
well  as  physical  hardness  because  the  conductive  channel  must  make  a  physical  contact  with 
the  drain  and  source  electrode  to  form  the  electrical  path.  Tungsten  {W)  was  chosen  as  the 
contacting  electrode  due  to  its  excellent  mechanical  hardness  that  reduces  physical  wear  and 
micro- welding  [3].  A  drawback  of  using  W  as  the  contacting  electrode  is  that  its  electrical 
conductivity  degrades  once  oxidized,  which  is  likely  to  happen  over  the  device  operational 
lifetime,  especially  when  Joule  heating  from  the  electrical  current  exacerbates  the  situation. 
Therefore,  a  hermetic  package  is  necessary  to  reduce  the  contact  oxidation  and  improve  the 
contact  resistance  stability 

The  inkjet-printed  microshell  encapsulation  technology  described  in  Chapter  5  has  been 
employed  to  provide  the  MEM  relays  with  a  hermetic  package  for  improved  contact  stability. 
The  CMOS-compatible  process  (due  to  its  low  thermal  budget)  has  successfully  been  applied 
and  the  contact  resistance  stability  was  enhanced  by  ~  lOOx. 

6.2  Process  Integration  of  Inkjet-Printed  Microshell 

The  fabrication  process  for  integration  of  printed  microshell  on  MEM  relays  is  illustrated  in 
Eig.  6.2.  Electrical  connections  to  the  electrodes  of  the  MEM  relays  were  insulated  from  the 
surface  by  inter-layer  dielectric  (80  nm  AI2O3)  to  avoid  electrical  shorting  to  the  microshell, 
since  the  microshell  material  is  formed  using  electrically  conductive  silver  (Ag)  nanoparticles 
(Fig.  6.2(a)).  Upon  the  completion  of  the  MEM  relay  fabrication,  sacrificial  oxide  (low- 


CHAPTER  6.  INTEGRATION  OE  PRINTED  MICROSHELL  WITH  RELAY 
FABRICATION  FOR  IMPROVED  CONTACT  STABILITY 


71 


Sacrificial  LTO 


(a)  (b)  (c) 


Figure  6.2:  Schematic  illustration  of  the  fabrication  process  for  encapsulating  a  relay  in  a 
microshell.:  (a)  completed  relay  with  connections  to  electrodes  routed  through  an  underlying 
layer  of  AI2O3;  (b)  deposition  and  patterning  of  a  capping  sacrificial  layer  to  define  microshell 
anchor  regions,  followed  by  Ag  nanoparticle  inkjet  printing  to  form  a  porous  microshell;  (c) 
vapor  HF  etch  to  release  the  structure  through  the  microshell,  followed  by  Au  nanoparticle 
inkjet  printing  to  seal  microshell. 


temperature  oxide,  800  nm)  was  deposited  and  patterned  into  islands  to  isolate  the  MEM 
relays  (Fig.  6.2(b)).  The  connections  to  the  external  contact  electrodes  were  also  coated 
by  this  sacrificial  LTO,  resulting  in  trench-like  structures  around  the  encapsulated  devices, 
which  provides  the  footing  regions  for  the  microshell.  Next,  Ag  nanoparticles  were  deposited 
by  inkjet-printing  to  define  the  microshell  structure  (Fig.  6.2(b)),  which  becomes  a  porous 
solid  film  upon  annealing  (180°C  30  min.).  Afterwards,  the  wafer  is  exposed  to  vapor-phase 
hydrofluoric  acid  (HF)  to  release  the  encapsulated  MEM  relays  by  removing  the  sacrificial 
LTO  and  forming  the  cavity  inside  the  microshell.  Finally,  the  sealing  layer  was  deposited  by 
inkjet-printing  finer-sized  gold  (Au)  nanoparticles  (~  5  nm  in  diameter)  to  fill  the  voids  on 
the  outermost  part  of  the  porous  printed  Ag  microshell  film  (Fig.  6.2(c)).  Then,  the  devices 
were  annealed  inside  a  glove-box,  where  the  oxygen  level  was  kept  low  (<  5  ppm)  at  200°C 
(after  ramped  up  at  2°C/min.). 

Alternatively,  a  polymeric  material  can  be  used  as  a  sealant.  In  this  work,  the  amorphous 
cyclic  transparent  optical  polymer  (Cytop,  Asahi  Glass,  Japan),  which  has  very  low  oxygen 
permeability  (8.34  x  10“^°  cm^-cm/cm^-s-cmHg)  was  investigated  as  an  alternative  sealant. 
For  demonstration  purposes,  it  was  deposited  by  spin-coating  (to  a  thickness  of  ~  1  /rm) 
inside  the  glovebox  and  cured  in  situ  at  200°C.  (Since  it  is  a  dielectric  polymer,  with  resistiv¬ 
ity  >  10^^  G-m,  it  can  be  deposited  over  the  entire  chip  area  without  causing  any  electrical 
shorting  of  the  signal  lines/electrodes.)  In  principle,  Cytop  also  can  be  inkjet-printed. 

Figure  6.3  shows  a  plan-view  SEM  micrograph  of  Au  nanoparticle-sealed  microshell, 
encapsulating  one  device.  As  shown  in  Chapter  5,  the  length  of  microshells  can  be  made 
arbitrarily  large  if  the  width  of  the  microshell  is  kept  below  50  /im  [4],  which  is  beneficial 
in  terms  of  layout  area  since  each  microshell  should  be  allocated  area  for  anchoring.  In  this 
work,  up  to  6  devices  (not  shown  here)  have  been  encapsulated  in  one  microshell  of  75-/im 
width.  The  surface  profile  of  a  microshell  after  the  sacrificial  LTO  was  removed  by  HE  vapor 
etch  was  measured  using  an  optical  profilometer  (Wyko  NT3300  White  light  interferometer) 
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as  shown  in  Fig.  6.4.  This  particular  microshell  encapsulates  6  devices,  while  only  one  device 
is  shown  in  Fig.  6.4.  Topographical  map  of  a  microshell  is  shown  in  Fig.  6.4(a)  and  height 
prohle  along  the  line  across  the  device  region  (AA)  is  shown  in  Fig.  6.4(b).  The  surface  of 
the  microshell  where  underlying  devices  are  encapsulated  reflects  the  underlying  structures 
(flexures  and  the  movable  electrode)  because  the  sacriflcial  oxide  was  deposited  conformally 
(Fig.  6.4(a)).  The  line  profile  (Fig.  6.4(b))  shows  that  the  height  of  the  microshell  increased 
upon  release  due  to  a  negative  stress  gradient  within  the  printed  film.  This  is  beneficial  since 
the  microshell  does  not  have  a  physical  contact  with  encapsulated  devices  and  hence  does 
not  affect  the  mechanical  or  electrical  behavior  of  the  encapsulated  devices. 


Figure  6.3:  SEM  image  of  a  single  encapsulated  relay. 

Figure  6.5  shows  a  micrograph  of  the  patterned  oxide  (LTO)  islands  for  microshells, 
where  multiple  devices  (up  to  6,  not  shown  in  the  figure)  were  coated  and  encapsulated. 
The  dimensions  of  the  oxide  patterns  labeled  in  Fig.  6.5  are  listed  in  Table  6.1.  Packing  of 
the  devices  into  a  confined  area  was  not  optimized  for  this  test  structure  design  and  devices 
were  distributed  with  rather  large  distances.  The  dimensions  of  the  microshells  follows 
those  of  oxide  islands,  whose  width  Wg  was  set  to  75  /rm  since  it  was  verified  in  Chapter  5 
that  the  length  of  the  shell  Lg  can  be  made  arbitrarily  large  for  Wg  <  100  pm.  Indeed, 
it  was  found  that  no  collapse  was  observed  even  for  the  longest  shell  which  encapsulates 
six  devices  (Lge  =  2  mm).  Electrical  traces  from  the  MEM  relays  were  routed  out  to  the 
outer  contact  pads  for  electrical  measurement,  and  they  were  insulated  by  inter-dielectric 
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Figure  6.4:  Surface  profiles  of  a  microshell-encapsulated  MEM  relay:  (a)  3D  topography 
map,  and  (b)  corresponding  surface  height  profile. 
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Parameters 

Values  (/rm) 

Length  of  shell  for  1  relay  Lgi 

120 

Length  of  shell  for  2  relays  Ls2 

500 

Length  of  shell  for  3  relays  Lgs 

880 

Length  of  shell  for  6  relays  Lg^ 

2000 

Width  of  footing  region  Wf 

100 

Width  of  shell  IF, 

75 

Table  6.1:  Parameters  and  values  of  dimensions  in  the  microshell  test  structures. 


AI2O3  at  the  trench  regions  where  the  microshell  makes  anchors.  This  footing  area  needs 
to  have  a  certain  width  (Wf)  because  of  the  non-uniform  thickness  variation  of  the  printed 
nanoparticle  film.  The  thickness  of  the  printed  microshell  film  peaks  at  the  center  of  the 
film  and  decreases  to  the  edges  (Fig.  6.4).  Microshell  material  is  deposited  to  cover  the 
oxide  islands  and  fill  the  footing  trench  area  as  shown  in  Fig.  6.6,  where  Ag  nanoparticle 
ink  was  inkjet-printed  to  the  confined  area.  It  is  also  beneficial  to  have  this  trench  structure 
since  it  can  confine  the  liquid  phase  nanoparticle  ink  upon  deposition  and  during  the  drying, 
and  hence  a  fine  shaped  structure  can  be  obtained  as  shown  in  Fig.  6.6.  Wetting  of  the 
nanoparticle  ink  on  the  surface  was  well  controlled  since  it  has  a  homogeneous  (oxide-only) 
surface  (Si02  and  AI2O3)  (water  contact  angle  -  footing  region:  AI2O3  55°  ±  5°  [5],  shell 
region:  Si02  48°  ±  2°  [6]). 


Figure  6.5:  Micrograph  of  the  patterned  oxide  islands  for  microshells  encapsulating  MEM 
relays.  Oxide  islands  were  patterned  to  have  various  lengths  to  span  multiple  devices  by  one 
microshell. 
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Figure  6.6:  Micrograph  of  printed  Ag  nanoparticle  ink  on  patterned  oxide  islands. 


The  deposited  nanoparticle  film  becomes  solidified  after  drying  (150°C,  15  min.),  and  the 
next  layer  is  deposited  after  this  interspersed  drying  step  to  increase  the  microshell  thickness. 
A  total  of  6  layers  were  deposited  to  obtain  the  final  thickness  and  intermediate  sintering 
(200°C,  30  min.)  was  performed  after  deposition  of  the  first  3  layers  to  reduce  stress-induced 
crack  formation  (Chapter  5).  It  is  worth  studying  the  change  of  the  structure  after  the 
completion  of  the  microshell  deposition  and  after  release  by  vapor  HF  oxide  etch.  Figure  6.7 
shows  surface  height  profiles  of  the  printed  microshell  after  completion  of  depositing  the  total 
of  6  layers  and  sintering.  A  topographical  map  of  the  microshell  is  shown  in  Fig.  6.7(a),  where 
horizontal  (A)  and  vertical  (Y)  height  profiles  along  the  three  position  markers  are  shown 
in  Fig.  6.7(b,c).  The  topography  of  the  encapsulated  device  is  reflected  at  the  center  of  the 
microshell,  clearly  evident  both  in  X  and  Y  profiles  indicated  in  red  lines  (Fig.  6.7(b,c)). 
The  green  and  blue  line  markers  in  the  X  profile  are  positioned  along  the  anchoring  edge 
of  the  microshells,  while  the  red  marker  scans  along  the  center  of  the  microshell  where  the 
height  is  maximum.  The  difference  between  the  red  and  blue/green  line  profile  indicates 
this  height  difference  between  the  top  of  the  microshell  and  anchoring  region  (~  0.8  /rm) 
and  this  corresponds  to  the  value  of  the  deposited  sacrificial  oxide  thickness  (Fig.  6.7(b)). 
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The  thickness  decrease  from  the  center  to  the  edge  of  the  printed  nanoparticle  film  can  be 
clearly  observed  in  the  line  profile  along  the  T— direction,  where  ~  0.5  fim  difference  was  seen 
between  the  boundary  of  the  anchor  and  shell  edge  (Fig.  6.7(c)).  It  is  worth  comparing  this 
surface  profile  to  that  measured  after  the  microshell  structure  is  released  by  removing  the 
encapsulated  oxide.  The  surface  height  values  of  the  same  position  were  mapped  and  shown 
in  Fig.  6.8.  It  should  be  noted  that  the  peak  height  of  the  shell  increased  upon  release,  as 
can  be  seen  from  the  difference  between  the  average  value  of  red  line  marker  and  blue/green 
markers  in  the  X—  and  T— profile  data.  The  height  increased  by  ~  3  /rm,  from  ~  0.8  /rm 
to  ~  3.8  pm,  upon  release  due  to  a  negative  stress  gradient  in  the  film. 


Figure  6.7:  Surface  profiles  of  a  microshell-encapsulated  MEM  relay  after  completion  of 
microshell  deposition,  (a)  3D  topography  map  with  3  line  markers,  and  corresponding  surface 
height  profiles  along  the  markers  in  (b)  X,  and  (c)  Y  directions. 


As  verified  in  the  previous  chapter,  the  microshell  film  thickness  was  controlled  to  obtain 
sufficient  mechanical  strength  to  avoid  structural  collapse.  It  was  adjusted  by  printing  6 
layers  of  Ag  ink  to  obtain  a  thickness  of  ~  2.7  =  0.45  x  6  pm,  since  the  thickness  of  each 
printed  layer  is  ~  0.45  pm.  Maximum  deflection  at  the  center  of  the  microshell  under 
ambient  pressure  is  calculated  as  shown  in  Fig.  6.9.  It  was  assumed  that  the  microshell  has 
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Figure  6.8:  Surface  profiles  of  a  microshell-encapsulated  MEM  relay  after  oxide  removal  by 
vapor  HF  etch,  (a)  3D  topography  map  with  3  line  markers,  and  corresponding  surface 
height  profiles  along  the  markers  in  (b)  X,  and  (c)  Y  directions. 


built-in  edge  and  uniform  thickness  on  the  plate,  using  the  following  equation  [7]: 

0.00126ga" 

w  = - - -  (6.1) 

where  w  is  the  maximum  deflection  (at  the  center)  of  the  microsheh,  q  is  the  intensity 
of  a  distributed  load,  o  is  the  length  of  the  plate  (assuming  the  square  plate),  and  D  is  the 
flexural  rigidity  for  the  microsheh.  The  flexural  rigidity  D  can  be  obtained  as  follows: 


D  = 


Eh^ 

12(1  -u2) 


(6.2) 


where  E  is  the  elastic  modulus  of  the  microsheh  material,  h  is  the  film  thickness  of  the 
microsheh,  and  v  is  the  Poisson  ratio.  The  ambient  pressure  of  latm  was  assumed  and 
E  =  50  GPa  was  used  for  the  calculation  of  D,  which  was  obtained  from  nanoindentation 
measurement  on  the  printed  Ag  nanoparticle  film.  Figure  6.9  shows  the  calculation  of  the 
maximum  deflection  of  the  microsheh  as  a  function  of  shell  length  and  thickness.  It  can  be 


CHAPTER  6.  INTEGRATION  OE  PRINTED  MICROSHELL  WITH  RELAY 
FABRICATION  FOR  IMPROVED  CONTACT  STABILITY 


78 


noted  that  the  deflection  of  the  microshell  is  negligible  when  the  shell  length  is  set  <100 
jam,  for  shell  thickness  larger  than  ~  2.5  jam,  as  tested  in  the  previous  chapter. 


Shell  Width  [^m] 


Figure  6.9:  Plot  of  calculated  maximum  shell  deflection  under  ambient  pressure  with  varying 
widths  and  thickness  of  the  square  microshell.  It  was  assumed  that  the  microshell  has  built-in 
edge,  uniform  thickness  on  the  plate,  and  no  stress  gradient. 


6.3  Contact  Resistance  Stability  Results 

Measured  electrical  characteristics  of  a  bare  relay  and  an  encapsulated  relay  are  compared 
in  Fig.  6.10,  where  negligible  difference  is  observed.  This  comparison  shows  that  the  printed 
microshell  process  has  not  affected  the  MEM  relay  electrical/mechanical  performance.  It 
should  be  noted  that  the  thermal  process  for  annealing  both  Ag  and  Au  nanoparticles  (< 
200°C)  and  the  deposition  of  sealing  material  (Au  nanoparticles)  did  not  cause  any  observable 
change  of  MEM  relay  performance. 
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Figure  6.10:  Comparison  of  measured  I-V  characteristics  for  a  bare  relay  vs.  an  encapsulated 
relay,  showing  that  the  MEM  relay  electrical/mechanical  performance  is  not  affected  by  the 
200C  packaging  process.  The  current  compliance  was  set  to  600A. 


The  measurement  setup  used  to  study  ON-state  resistance  i?oN  stability  of  MEM  relays  is 
illustrated  in  Eig.  6.11.  It  is  an  inverter- like  setup  where  the  MEM  relay  acting  as  a  pull-down 
device,  and  is  connected  in  series  with  a  load  resistor.  The  gate  electrode  is  connected  to  a 
voltage  pulse  signal  (amplitude  15  V,  frequency  5  kHz)  to  drive  the  MEM  relay,  switching 
ON  and  OFF  repeatedly,  and  the  evolution  of  i?oN  over  multiple  switching  cycles  (which  is 
obtained  by  a  voltage-divider  formula)  can  be  determined.  This  stability  test  measurement 
was  done  at  room  temperature  (300K)  and  ambient  air.  It  should  be  noted  that  the  device  is 
under  harsher  stress  in  this  measurement  setup  than  in  normal  digital  logic  operation,  where 
the  period  of  time  in  which  the  device  under  stress  is  limited  to  the  RC  charging  delay 
whenever  the  device  is  switched  ON.  Figure  6.12  shows  the  measured  evolution  of  i?oN  with 
the  number  of  switching  cycles,  where  i?oN  increases  over  cycles  due  to  the  oxidation  of  W 
electrode  at  the  contact.  In  order  for  the  MEM  relay  to  be  employed  in  digital  logic  circuits, 
i?ON  should  remain  below  ~  10  kVt  to  avoid  any  significant  performance  degradation  [8] .  Eor 
a  bare  (unencapsulated)  device,  i?oN  passes  this  threshold  after  ~  10^  cycles.  In  contrast, 
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i?ON  remains  stable  up  to  ~  10^  cycles  for  microshell-encapsulated  devices,  sealed  either 
using  Au  nanoparticles  or  Cytop,  so  that  the  effective  relay  operating  lifetime  is  enhanced 
by  r\j  100  X  with  encapsulation.  The  reason  why  Cytop-sealed  device  shows  a  slightly  higher 
relay  operating  lifetime  may  come  from  the  fact  that  the  Cytop  sealing  process  was  carried 
out  entirely  inside  a  glovebox  where  the  oxygen  level  is  kept  very  low,  while  the  deposition 
of  sealing  Au  nanoparticles  were  performed  in  a  room  air  ambient. 


Oscilloscope 


Vpp=  15  V 
Freq.  =  5  kHz 
Temp.  =  300  K 


Figure  6.11:  Test  setup  for  monitoring  relay  ON-state  resistance  over  many  hot-switching 
cycles. 


It  should  be  noted  that  some  contamination  may  result  from  the  microshell  sealing  pro¬ 
cess.  The  Au  nanoparticles  are  originally  covered  with  an  organic  material  (ligands)  to 
prevent  them  from  aggregating  within  the  ink;  when  the  printed  ink  is  dried/solidified  by 
thermal  annealing,  this  organic  material  vaporizes  and  some  of  it  may  diffuse  through  the 
pores  of  the  Ag  film  into  the  microshell  cavity.  Cytop  is  only  available  in  perfluorinated 
solvents,  which  out  gas  during  thermal  annealing  and  may  end  up  in  the  microshell  cavity 
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Figure  6.12:  Evolution  of  contact  resistance  with  the  number  of  hot-switching  cycles,  for 
bare  vs.  encapsulated  relays.  The  effective  relay  operating  lifetime  is  enhanced  by  100  with 
encapsulation. 


as  well.  Differences  in  the  outgassing  levels  for  Au  nanoparticle  ink  vs.  Cytop  might  also 
account  (in  part)  for  the  superior  i?oN  stability  of  the  Cytop-sealed  relay. 

6.4  Conclusion 

A  low-thermal-budget  inkjet  printed  microshell  encapsulation  technology  is  successfully  ap¬ 
plied  to  micro- relays  for  dramatically  enhanced  contact  stability,  by  100  x.  With  further 
process  refinements  (e.g.  incorporation  of  a  getter  material,  annealing  under  lower  ambi¬ 
ent  pressure)  this  technology  can  facilitate  the  cost-effective  manufacture  of  reliable  relay 
integrated  circuits. 
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Chapter  7 
Conclusion 


7.1  Summary  and  Conclusion 

In  this  dissertation,  new  processes  were  developed  to  fabricate  micro-electro- mechanical  sys¬ 
tems  (MEMS)  using  inkjet  printing  technology.  The  conventional  solution-processed  thin- 
film  transistors  (TFTs)  generally  suffer  from  poor  performance  which  results  from  the  per¬ 
formance  of  printable  semiconductors.  On  the  other  hand,  performance  of  printable  metals 
have  already  approached  to  that  of  their  solid-state  counterpart.  Therefore,  it  would  be 
interesting  to  develop  an  alternative  scheme  of  switches,  which  avoids  usage  of  printable 
semiconductors  at  all  and  employs  only  solution-processed  metals,  in  this  regard.  It  can  be 
implemented  by  building  mechanical  switches,  rather  than  electrical  switches.  A  novel  fabri¬ 
cation  process  which  can  implement  MEM  switches  using  inkjet-printed  metal  nanoparticle 
films  has  been  presented. 

The  inkjet  printing  technology  can  also  be  employed  to  provide  conventional  MEMS 
with  packaging.  In  the  field  of  conventional  MEMS  using  surface-micromachining  process, 
packaging  is  an  important  field  which  holds  a  key  to  successful  commercialization  of  MEMS. 
It  is  also  a  process  that  is  the  biggest  cost  of  the  various  parts  of  the  whole  MEMS  process. 
The  requirements  of  the  package  also  include  low  process  temperature  in  order  to  be  CMOS 
compatible  so  that  the  MEMS  can  be  integrated  into  CMOS  devices  to  obtain  potential 
synergy.  It  is  therefore  ideal  to  employ  inkjet-printing  technology  to  implement  a  MEMS 
packaging  process  as  it  can  satisfy  most  of  the  requirements  mentioned  above.  Therefore,  a 
new  process  was  developed  to  fabricate  microshell  encapsulation  package  using  inkjet-printed 
nanoparticle  films. 

In  chapter  3,  a  new  switch  technology  for  printed  electronics  based  on  inkjet-printed 
MEM  cantilevers  was  demonstrated.  The  MEM  switches  offer  excellent  on-state  and  off- 
state  characteristics,  and  appear  to  be  very  promising  for  printed  electronics  applications. 
Several  novel  process  steps  were  realized  to  ensure  precise  control  of  the  actuation  gap  in 
printed  MEM  structures,  and  the  resulting  devices  showed  low  on-resistance,  immeasurable 
leakage,  good  switching  speed,  and  low  voltage  operation  better  than  that  of  other  many 
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printed  electronic  devices. 

In  chapter  4,  performance  of  the  printed  MEM  switch  was  improved  by  scaling  down  the 
actuation  gap  and  the  process  optimization  was  presented.  It  is  straightforward  to  reduce 
the  gap  thickness  by  adjusting  that  of  the  sacrificial  layer  since  the  pull-in  voltage  has  larger 
dependency  on  the  gap  among  other  dimensions.  The  pull-in  voltage  of  the  switch  was 
successfully  reduced  by  ~  70%.  Process  optimization  was  carried  out  to  obtain  the  gap 
scaling  by  studying  the  trade-offs  from  UV-ozone  time,  which  impacts  the  speed,  variation, 
and  scalability  of  the  process. 

In  chapter  5,  a  low-thermal-budget  (<  300° C)  microshell  encapsulation  process  using 
inkjet-printed  nanoparticle  inks  is  demonstrated.  Printed  nanoparticles  50  nm)  films  of 
thickness  greater  than  ~  2.5  /rm  have  sufficient  mechanical  strength  to  be  used  for  microshell 
encapsulation  of  MEMS  devices  while  being  permeable  to  vapor  HE  to  allow  for  short  release 
times.  They  can  be  effectively  sealed  with  a  printed  gold  nanoparticle  (~  5  nm)  film.  The 
low  thermal  budget  of  a  printed  microshell  encapsulation  process  makes  it  attractive  for 
low-cost  packaging  of  monolithically  integrated  microsystems. 

In  chapter  6,  the  inkjet  printed  microshell  encapsulation  technology  is  successfully  ap¬ 
plied  to  micro- relays  for  dramatically  enhanced  contact  stability,  by  100  x.  With  further 
process  refinements  (e.g.  incorporation  of  a  getter  material,  annealing  under  low  ambient 
pressure)  this  technology  can  facilitate  the  cost-effective  manufacture  of  reliable  relay  inte¬ 
grated  circuits. 


7.2  Contributions  of  This  Work 

New  processes  for  inkjet-printed  MEM  structures  from  solution-processed  metal  nanopar¬ 
ticles  are  developed  and  the  fabricated  device  structures  are  characterized  to  study  their 
electrical  and  mechanical  performance.  A  two-step  beam  process  has  been  developed  which 
enables  successful  beam  anchoring  and  hence  results  in  the  implementation  of  the  printed 
MEM  switch.  The  printed  nanoparticle  films  show  sufficient  mechanical  strength  as  well 
as  excellent  electrical  conductivity,  which  are  required  for  MEM  structural  and  electrode 
materials.  It  shows  that  the  printed  nanoparticles  can  be  a  promising  candidate  material  for 
future  printed  MEM  applications.  The  performance  of  printed  MEM  switches  shows  promis¬ 
ing  results  and  suggests  that  they  can  be  readily  employed  to  proper  applications  such  as 
pixel  switches  in  active  matrix  liquid  crystal  displays  and  further  process  optimization  may 
even  improve  their  performance  to  be  suitable  for  broader  range  of  applications.  Printed 
microshell  encapsulation  demonstrated  using  the  newly  developed  process  and  it  was  shown 
that  the  contact  resistance  stability  of  packaged  MEM  relays  can  be  enhanced  by  ~  100  x. 
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7.3  Suggested  Future  Work 

7.3.1  Process  Optimization 

Further  process  optimization  can  be  pursued  to  improve  performance  of  the  printed  MEM 
switches.  As  addressed  in  Chapter  4,  the  ‘undercut’  from  the  via-hole  process  may  induce 
variations  of  the  beam  length  due  to  accidentally  increased  size  of  the  anchor  by  filling  of  the 
undercut  region  during  the  anchor  formation  process.  It  was  shown  that  the  length  of  such 
undercuts  can  be  reduced  by  optimizing  UV-ozone  exposure  time.  If  less  aggressive  solvent, 
for  example,  a  developer  designed  specifically  for  the  sacrificial  PMMA  (MIBK,  MicroChem) 
is  used  as  ‘etchant’  in  the  via-hole  process,  instead  of  acetone,  finer  control  may  be  obtained 
in  the  dissolution  of  PMMA.  It  should  also  be  noted  that  a  different  choice  of  materials 
can  also  be  considered  as  a  sacrificial  layer.  In  this  work,  PMMA  was  chosen  for  several 
properties;  thermal  resistance  required  to  endure  the  sintering  temperature  of  the  beam 
material,  solvent  orthogonality  to  minimize  the  interaction  with  the  beam  material,  and 
dissolving  property  which  is  necessary  for  via-hole  opening  and  anchor  formation.  Although 
it  satisfies  most  of  the  requirements,  it  is  not  perfectly  orthogonal  to  the  silver  nanoparticle 
ink  so  that  some  amount  of  dissolution  occurs  during  the  beam  printing  (100  ~  200  nm), 
which  can  be  an  additional  source  of  device  performance  variation,  especially  for  device 
having  scaled  actuation  gaps.  Therefore  it  would  be  worth  searching  for  candidate  materials 
for  the  sacrificial  layer  which  can  satisfy  those  requirement  more  faithfully.  It  would  be  ideal 
if  it  can  be  inkjet-printed  with  uniform  surface  thickness  so  that  the  beam  can  be  anchored 
in  a  simpler  one-step  process. 

7.3.2  Scaling  Device  Dimensions 

It  is  also  worth  pursuing  scaling  the  lateral  device  dimensions.  The  printed  MEM  switches 
demonstrated  in  this  dissertation  have  unoptimized  device  size:  beam  length  ~  600  /rm  and 
beam  width  ~  100  fim.  Although  it  was  shown  that  the  operating  voltage  can  be  reduced 
to  ~  5  E  by  straightforward  vertical  scaling  of  the  actuation  gap,  lateral  dimensions  of  the 
devices  can  also  be  scaled  down  in  order  to  increase  device  density. 

The  printed  MEMS  switches  provide  excellent  ON-state  conductivity  and  OFF-state 
resistivity  due  to  its  metallic  structure  material  and  air-gap  separated  channel  electrode, 
respectively.  Theses  characteristics  would  make  the  device  to  be  ideal  for  power  inverters. 
The  current-carrying  capacity  of  the  printed  MEM  switches  was  investigated  by  studying 
device  failure  while  increasing  the  drain  current,  as  shown  in  Fig.  7.1.  It  was  shown  that 
the  device  can  flow  up  to  <  10  mA  without  failure  from  stiction  or  welding  issue.  One 
straightforward  method  to  improve  its  current-carrying  capacity  would  increase  the  contact 
area,  so  that  the  contact  resistance  should  be  reduced  to  suppress  joule  heating  at  the 
contact.  These  factors  should  be  considered  when  deciding  the  device  dimension  for  the 
scaling;  different  set  of  strategies  are  required  for  components  of  the  devices,  depending  on 
the  applications. 
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Figure  7.1:  Measured  current-carrying  capacity  of  the  printed  MEM  switches.  Maximum 
drain  current  /ds  which  flows  through  the  source-drain  contact  was  adjusted  by  the  drain 
voltage  VdS)  where  (a)  Vdd  =  0.5E  and  (b)  Vdd  =  l.OE.  It  is  evident  that  the  switch  is 
not  able  to  be  pulled  off  from  the  contact  for  Ids  >  10  mA,  probably  due  to  welding  at  the 
contact.  The  measurement  was  carried  out  using  an  inverter-like  setup  as  shown  in  Fig.  3.11. 


7.3.3  Four- Terminal  Printed  MEM  Switch 

As  is  in  solid-state  MEMS  relays  presented  in  chapter  6,  four-terminal  (4T)  relay  design 
have  advantages  over  the  three-terminal  (3T)  conflguration  in  that  it  enables  to  adjust 
pull-in  and  release  voltages  by  body  biasing.  This  allows  the  same  4T  relays  to  perform 
either  as  a  pull-down  or  pull-up  device,  and  hence  complementary  logic  circuits  can  be 
implemented  [1,  2,  3].  The  channel  electrode  which  connects  the  drain  and  source  electrodes 
should  be  electrically  isolated  from  the  body  electrode  in  the  4T  relay  design.  Therefore, 
the  current  3T  configuration  can  be  modified  to  implement  4T  design.  Specifically,  the 
monolithic  beam  can  be  changed  to  have  an  insulating  gate  dielectric  sandwiched  by  two 
conductive  electrodes;  channel  and  body. 

Two  potential  4T  relay  schemes  are  illustrated  in  Fig.  7.2,  where  the  source  and  drain 
electrodes  are  positioned  either  in  series  at  the  free-end  of  the  beam  or  in  parallel  under  the 
beam.  The  channel  electrode,  which  is  attached  to  the  bottom  electrode  via  printed  gate 
dielectric,  can  provide  an  electrical  path  by  making  physical  contact  with  both  electrodes 
when  the  beam  is  pulled  down.  The  gate  dielectric  is  required  to  provide  electrical  isolation 
between  the  channel  and  body  electrode,  as  well  as  sufflcient  mechanical  adhesion  between 
the  two  electrodes.  In  a  serial-source/drain  electrode  conflguration,  as  in  Fig.  7.2(a),  physical 
contact  between  the  beam  and  source/drain  electrode  is  assured  due  to  the  curvature  of  the 
cantilever  beam  deflection.  The  width  of  the  channel  electrode,  and  hence  the  beam,  is 
required  to  overlap  both  of  the  source/drain  electrode  in  this  conflguration,  which  may  limit 
the  scalability  of  the  device  size.  In  a  parallel- source/drain  electrode  design,  as  in  Fig.  7.2(b), 
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beam  width  can  be  scaled  as  required.  However,  the  beam  length  should  be  decided  so  that 
a  stable  contact  can  be  obtained  at  the  beam-source  electrode  contact. 
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Figure  7.2:  Schematic  diagrams  illustrate  design  schemes  for  printed  four-terminal  relays. 
The  source  and  drain  electrodes  are  positioned  either  (a,b)  in  series  at  the  free-end  of  the 
beam,  or  (c,d)  in  parallel  under  the  beam. 


7.3.4  Material  Selection  for  Printed  Microshell  Encapsulation 

The  printed  microshell  encapsulation  in  Chapter  6  successfully  enhanced  the  life  cycle  of  the 
sealed  MEM  relays  by  ~  100  x.  It  should  be  noted  that  the  contact  oxidation  still  occurs 
although  delayed  for  the  sealed  MEM  relays.  This  suggests  that  the  oxygen  level  inside 
the  sealed  microshell  should  be  further  reduced  at  the  sealing  process  or  during  the  device 
operation  in  order  to  provide  better  contact  stability.  The  use  of  getter  materials  which  can 
actively  absorb  active  molecules  in  a  vacuum  environment,  such  as  oxygen  and/or  hydrogen 
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molecules,  can  be  a  solution.  It  has  been  widely  known  in  the  field  of  MEMS  packaging 
that  the  concentration  of  such  molecules  inside  the  cavity  of  the  packages  can  be  suppressed 
by  getter  material  films,  such  as  Zr  or  Ti,  deposited  inside  the  package  [4,  5,  6].  Therefore, 
it  would  be  possible  to  implement  such  getter  materials  by  depositing  it  on  the  sacrificial 
layer,  followed  by  patterning  the  microshell  material,  to  absorb  oxygen  molecules  inside  the 
shell  cavity.  The  getter  material  can  also  be  deposited  by  inkjet  printing,  which  is  also 
advantageous  in  terms  of  the  getter  performance  since  the  rough  surface  of  the  printed  films 
will  increase  surface  area. 
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